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466. Kinetics and Mechanisms of Reaction of 2-Benzamidoethyl 
Bromide. 


By Y. POCKER. 








The initial rate of formation of 2-phenyloxazolinium ion from 2-benz- 
amidoethyl bromide in absolute ethanol is not depressed by added tetraethyl- 
ammonium chloride, bromide, iodide, thiocyanate, or azide; a small positive 
salt effect is observed which is practically identical with the one caused by 

the corresponding perchlorate, borofluoride, or nitrate. Also, the initial 

rates for bromide-ion production equal the corresponding rates of cyclisation. 

In nitromethane, in the presence of weakly nucleophilic reagents, the 

initial rates of cyclisation and of bromide-ion production are again equal. 

However, in the presence of the strongly nucleophilic azide ions the rate of 

| bromide-ion production is larger than the initial rate of cyclisation, the excess 

being directly proportional to the azide-ion concentration. The mechanism 

is discussed in terms of two simultaneous reactions: an internal Sy2 cyclis- 
ation, as in ethanol, and an external Sy2 attack by N,~. 

The rates of cyclisation of 2-benzamidoethyl bromide in various solvents 
are strikingly parallel with the data for bimolecular Menschutkin reactions; 
this accords with the proposed mechanism. 


NEIGHBOURING-GROUP participation occurs with acylamino-groups in both substitution 
and addition reactions.1* This paper deals with the mechanism of cyclisation of 2- 
benzamidoethyl bromide as revealed.by competitive experiments with added nucleophiles 
which are relatively weak bases, and by the dependence of the cyclisation rate on solvent 
composition. 

EXPERIMENTAL 


Materials.—Nitromethane was purified, chromatographed, and fractionated as previously 
described. Commercial ethyl alcohol was dried by Lund and Bjerrum’s method® and 
fractionated with exclusion of moisture under oxygen-free nitrogen. Commercial methyl 
alcohol, purified by Bjerrum and Zechmeister’s method,® had m,*5 1-3271. Isopropyl alcohol 
was freed from peroxides with solid stannous chloride and dried with magnesium (activated 
with iodine). Benzyl alcohol, dried (CaSO,) and fractionated with exclusion of moisture under 
oxygen-free nitrogen, had b. p. 205—206°; m,*° 15371. Nitrobenzene was crystallised five 
times from itself,? dried (P,O;), and distilled at reduced pressure. 

Acetone was boiled with potassium permanganate. After being distilled, the product was 
dried and fractionally distilled from Mg(ClO,),. Chloroform was dried according to Walden, 
Ulich, and Werner’s method.® ‘4 

Acetonitrile and benzonitrile were dried, distilled from phosphoric oxide, and chromato- 
graphed through freshly dried alumina. Pyridine was purified by Burgess and Kraus’s 
method.® 

2-Benzamidoethyl bromide, prepared by condensation of benzoyl chloride with 2-bromo- 
ethylamine hydrobromide in the presence of alkali,!° and recrystallised from benzene, had m. p. 
105—106°. 2-Bromoethylamine hydrobromide, prepared from fractionated 2-hydroxyethyl- 
amine (b. p. 167—169°) and hydrobromic acid" and recrystallised from water, had m. p. 172— 
173°. 2-Benzamidoethyl azide was prepared from benzoyl chloride and 2-azidoethylamine in 


1 McCasland, Clark, and Caster, J. Amer. Chem. Soc., 1949, 71, 637. 
2 Winstein and his co-workers, series of papers in J. Amer. Chem. Soc.) 1950 onwards; Chem. and 
Ind., 1956, 56; Experientia, 1957, 18, 183. 
Heine and his co-workers, J. Amer. Chem. Soc., 1956, 77, 310. 
Pocker, J., 1958, 240. 
Lund and Bjerrum, Ber., 1931, 64, 211. 
Bjerrum and Zechmeister, Ber., 1932, 65, 894. 
McAlpine and Smyth, J. Chem. Phys., 1935, 3, 55. 
Walden, Ulich, and Werner, Z. phys. Chem., 1925, 116, 261. 
Burgess and Kraus, ]. Amer. Chem. Soc., 1948, 70, 706. 
Gabriel, Ber., 1889, 22, 2222; Gabriel and Heyman, ibid., 1890, 28, 2495. 
Organic Syntheses, Coll. Vol. 2, p. 91. 
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the presence of alkali.* Tetraethylammonium iodide was recrystallised from acetone—-methanol 
and dried under vacuum (Found: I, 49-3. Calc. for C,H,,NI: I, 49-35%). The bromide was 
recrystallised and dried as above (Found: Br~, 38-1. Calc. for C,H,,NBr: Br~, 38-0%). The 
chloride, perchlorate, and borofluoride were prepared by the exact neutralisation of the hydr- 
oxide, recrystallised, and dried as above. The nitrate was prepared by the potentiometric 
titration of the iodide with silver nitrate in acetonitrile. 

The azide and thiocyanate were prepared by extracting into ether an acidified solution of 
the corresponding sodium salt and shaking the ethereal solution with aqueous tetraethyl- 
ammonium hydroxide [Found: N,~, 24-5. Calc. for C,H,N*N,~: N,~, 24-4. Found: CNS-, 
30-6. Calc. for CsH,gN(CNS)~: CNS~, 30-8%]. 

Kinetic Measurements.—Reaction mixtures were prepared by addition of the necessary 
amount of a standard solution of the tetraethylammonium salts and solvent, both at 25-0°, to 
a dry weighed sample of 2-benzamidoethyl bromide kept in a glass stoppered flask (50 c.c.) at 
25-0°. The sample for kinetic zero could therefore be pipetted as soon as the addition of solvent 
and dissolution were complete. Aliquot portions (5c.c.) were delivered into 40 c.c. of acetone 
(—80°) and titrated with standard sodium methoxide (lacmoid). Tetraethylammonium azide 
in acetone behaves as a base towards lacmoid and the overall rate of its disappearance (either in 
the form of HN, or Ph-CO-NH:CH,’CH,N;) was followed by titration with standard acid. 

Bromide ions were determined potentiometrically by titration with standard silver nitrate 
either at low temperatures (—80°) in acetonitrile or after preparing samples for titration by 
extraction. In the latter method, samples from kinetic runs were delivered into carbon tetra- 
chloride (60 c.c.) at — 10° and this solution was shaken three times with 20 c.c. of ice-cold water. 
2-Phenyloxazoline was identified as the picrate, C]H,ON,C,H,O,N;, yellow needles, m. p. 177°. 


RESULTS 


2-Benzamidoethyl bromide (I) cyclises to 2-phenyloxazolinium bromide (II) to an extent of 
ca. 30% in absolute ethanol and ca. 35% in nitromethane at 25°. In absolute ethanol the initial 
rate of cyclisation is ka = 2-42 x 10sec... Added pyridine (0-25m) has no effect on the initial 
rate of cyclisation; ka = 2-42 x 105 sec}. As expected, however, the equilibrium position 
moves towards the product because pyridine transforms the latter into the less reactive 2-phenyl- 


- ™ 

“so +0. 
HN —_— ee ° + Br 
HEH H,C — CH, 


(I) ad (1) 


oxazoline. Added water has a small accelerative effect (Table 1). Charges are being created 
in the cyclisation, and the transition state is more polar than the initial state. Accordingly, 
added NEt,ClO, (0-10m) also causes a small increase in rate (ka = 2-56) but has almost no effect 
on the equilibrium position. The initial rate of cyclisation is similarly increased by other 
tetraethylammonium salts (see Table 1). 


TABLE 1. Initial first-order rate coefficients of cyclisation, ky (sec.'), and of bromide-ton 
production of 2-benzamidoethyl bromide (RBr) in ethanol and aqueous ethanol at 25-0°. 
(a) In absolute ethanol in the presence of 0-10m-tetraethylammonium salts; [RBr] = 0-050. 


[Salt] 10° 105, BF [Salt] 10°Ra [Salt] 10°%A 10, BF 
NEt,ClO, 2°56 2-60 NEt,Cl 2-54 NEt,NO, os 2-58 
NEt,BF, 2-60 2-54 NEt,Br 2-60 NEt,CNS 251 os 
NEt,NO, 251 2-62 NEt,I 2-57 NEt,N, 2-50 2-55 


(b) In ethanol-water. (By “ *+% EtOH ” we mean a mixture of x volumes of ethanol and 100 — x 
volumes of water.) [RBr] = 0-050m. 


y 2 one 100 90 80 70 60 50 40 30 
BPEL. secasvesccorese 2-42 3-6 4-7 5-5 6-85 7-95 9-3 11-3 


In nitromethane the initial first-order rate coefficient of cyclisation is 2-5 times its value in 
absolute ethanol (ka = 6-65 x 10° sec.4), Both bromide and perchlorate ions produce a 
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similar increase in the initial rate of cyclisation (see Table 2). In the presence of azide ions, 
however, the overall rate of disappearance of 2-benzamidoethyl bromide is higher than the 
corresponding rate of cyclisation. The initial first-order rate coefficients of disappearance of 
azide ions increase linearly with azide concentration, i.e., k,2* = k,Ns = ky + k,[NEt,N,]. 
Azide ions disappear (a) by combining with (‘neutralising’) the oxazolinium ion to form 
oxazoline and HN; (ky = ka = 6-65 x 10° sec.“1) and (b) by direct displacement of bromine 
from 2-benzamidoethyl bromide to produce 2-benzamidoethyl azide (kg = 6-0 x 10 1. mole 
sec.1). The bimolecular rate of substitution of bromine from the parent ethyl bromide by 
azide ions was similarly investigated. The rate in ethanol at 25-0° was extremely small 
(k,®*8r ~ 1-3 x 10° 1. mole™ sec.~) so that in the presence of 0-1M-NEt,N, the rate is still much 
slower than the cyclisation of 2-benzamidoethyl bromide in this solvent. On the other hand, 
in nitromethane at 25-0°, k,®*® = 6-2 x 10° 1. mole™ sec.1. A comparison of this value 
with that obtained for 2-benzamidoethyl bromide indicates that the effect on k, of substituting 
a benzamido-group in the 2-position is relatively small. 

The initial rate of cyclisation was also determined in various solvents (Table 3). In some 
of these, the cyclisation reaches an early equilibrium and the initial rate had to be confirmed by 


TABLE 2. Initial first-order rate coefficients of cyclisation, ka (sec.“1), of 2-benzamidoethyl 
bromide in the presence of various tetraethylammonium salts, and of disappearance of 
tetracthylammonium azide, k,%+ (sec.“1), in nitromethane at 25-0°. 

dA/dt = ka{RBr], —d[NEt,N,~]/dt = &,™* [RBr], dBr-/d¢ = k,®*{RBr]. 


[RBr] = 0-020m [RBr] = 0-0163m 
Salt Concn. (m) 105kA 10523" Salt Concn. (M) l10°%A ft  105R,2F 105k,Ns 
NEt,ClQ,... 0-05 6-92 7-02 NEt,N, t 0-00175 — — 7:7 
NEt,BF, ... 0-05 7-00 6-95 NEt,N, ... 0:0035 6-7 8-9 8-8 
NEt,NOQ,... 0-05 6-98 7-07 NEt,N, 0-0070 — 10-5 10-8 
NEG ... 0-05 6-96 7-1 NEt,N, ... 0-0105 6-6 13-5 13-2 
NEGS ...... 0-05 6-94 — NEt,N, ... 0-0140 —_ — 15-0 


* By acidity measurements. 
¢ In the absence of RBr in nitromethane at 25-0°: —d [NEt,N,]/d? ~ 0. 
¢t By direct estimation of the cyclisation product. 


TABLE 3. Initial first-order rate coefficients of cyclisation, ka (sec.“), of 2-benzamidoethyl 
bromide in various solvents at 25-0°. 


Solvent...... Ph:‘CH,OH Me-NO, Me-CN Ph-NO, Ph-CN Me-COMe MeOH 
BORA, 005005 8-06 6-65 5-36 5-32 4-91 3-84 3-22 
Solvent...... ' EtOH Pr'iOH CHCl, EtOH-MeCN (1: 1, v/v) 

PRA, ccc0ce 2-42 1-86 1-74 6-44 


measurements in the presence of pyridine. This amine is not sufficiently basic to induce the 
basic mechanism of cyclisation,®* or nucleophilic to compete with the internal cyclisation, so 
that with sufficiently low concentrations of pyridine the rate of cyclisation is almost independent 
of its concentration and confirms the values obtained from very early points in the pure 
solvent. 


DISCUSSION 


The ring formation cannot be an Syl ionisation followed by cyclisation, since the 
reaction proceeds thousands of times more rapidly than the ethanolysis of ethyl bromide, 
which is anyway largely bimolecular, and there is no reason to, expect a 2-benzamido- 
group to stabilise a carbonium ion this much. In agreement with this conclusion, the 
initial rate of cyclisation is not depressed by nucleophilic competitors. In both ethanol 
and nitromethane the cyclisation of 2-benzamidoethyl bromide is best described as an 
internal displacement resembling a bimolecular nucleophilic substitution in which the 
bond-forming and bond-breaking processes are kinetically synchronous.* In accord with 


12 Forster and Newman, J., 1911, 99, 1277. 
13 Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Sons Ltd., London, 1953. 
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this view, a Walden inversion occurs in the cyclisation of the toluene-f-sulphonate of 
N-benzoylallothreonine methyl ester in ethyl alcohol containing potassium acetate.!4 

The various anions used vary widely in reactivity, but none can attack the primary 
carbon atom of 2-benzamidoethyl bromide in ethanol as rapidly as the oxygen atom which 
is already present in the molecule. This causes most displacement reactions of 2-benz- 
amidoethyl bromide in ethanol to go through the cyclic intermediate. But in nitromethane 
azide ions are sufficiently nucleophilic (probably because they are not hydrogen-bonded as 
in ethanol) to attack this at a rate comparable with that of the cyclisation. Direct 
substitution can therefore proceed simultaneously with cyclisation and the overall reaction 
is a mixture of both internal and external Sy2 reactions: 





Internal Sn2 Sn2 with Ns— 
2-Phenyloxazoline + HN,-+ Br- =e (I) —_——e_e RPhrCONy:CH,°CH,N, 
(Zeroth order in N,~) (First order in N,—) 


The initial rates of cyclisation of 2-benzamidoethyl bromide in a series of ethanol—water 
mixtures indicate that water has only a small accelerative effect, which if expressed by the 
Winstein—Grunwald equation * log k = log kj — mY leads to m = 0-15. This is because 
a considerable amount of assistance towards bond fission in the transition state does not 
come from the solvent but from the bond being formed, 1.¢., from the participation of the 
neighbouring benzamido-group via an internal Sy2 process. 

The order of solvent effectiveness is the order usually found in bimolecular Menschutkin- 
type reactions: 1620 


Reaction Ph:CH,,OH Me-COMe MeOH EtOH 
1. NEt, + EtI —» NEt,I (at 100°) #9 000.0000... (100) 45-7 38 27-9 
2. Cyclisation of Ph-CO-NH-CH,°CH,Br (at 25-0°) ... (100) 47-6 40 30 
MeNO, MeCN Me’COMe MeOH EtOH CHCl, 
3. Quaternisation rates ...... (100) 72-4 65-4 55-5 39-4 19-4 
4. Cyclisation rates (Table 3)... (100) 82-5 57-7 48-4 36-4 26-2 


The rate of cyclisation by either Syl or internal Sy2 mechanism should increase with the 
ion-solvating power of the medium, since the reaction by either mechanism involves charge 
formation in the transition state. However, in Syl reactions with initially neutral 
molecules, methyl and ethyl alcohols facilitate the bond fission more than acetone, aceto- 
nitrile, or nitrobenzene, confirming the conclusion that the reaction is best described as 
an internal Sy2 process. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, GOWER StT., Lonpon, W.C.1. [Received, November 25th, 1958.] 


14 Attenburrow, Elliot, and Penny, /J., 1948, 310. 

18 Grunwald and Winstein, J. Amer. Chem. Soc., 1948, 70, 846 and subsequent papers in that 
Journal. 

16 Menschutkin, Z. phys. Chem., 1890, 6, 41. 

17 Grimm, Ruf, and Wolff, ibid., 1931, B, 18, 301. 

18 Pickles and Hinshelwood, /J., 1936, 1353. 

19 Moelwyn-Hughes, ‘‘ The Kinetics of Reactions in Solution,’’ 2nd edn., Oxford University Press, 
1947, p. 207. . 

20 Newmann, “ Steric Effects in Organic Chemistry,’’ Chapter 2 by Eliel, p. 70, John Wiley and Sons 
Inc., New York, 1956. 
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467. Substituted Carbonyl Compounds of Chromium, Molybdenum, 
Tungsten, and Manganese. 


By E. W. ABEL, M. A. BENNETT, and G. WILKINSON. 


Complexes of the type L,M(CO), (M = Cr, Mo, W), where L represents 
various nitrogen, phosphorus, arsenic, and antimony donor compounds, 
have been prepared by the reaction of the ligand with either the metal hexacarb- 
onyl or the cycloheptatrienemetal tricarbonyl. A cationic manganese com- 
pound [dienMn(CO),]I has also been prepared (dien = diethylenetriamine, 
NH,°(CH,],*>*NH°[CH,],"NH,). The unusually large variations in the position 
of the C-O stretching frequencies in the infrared spectra are discussed. 


UnTiL recently, when some o-phenylenebisdimethylarsine derivatives were briefly 
recorded,! excluding isocyanide complexes, the substituted carbonyls of the Group VI 
transition metals have been confined to compounds in which nitrogen was the donor 
atom.” In contrast a great variety of substituted products of the carbonyls of nickel, 
iron, and cobalt have been reported. We have now prepared a number of substituted 
chromium, molybdenum, and tungsten carbonyls, of the general formula L,;M(CO), in 
which the ligand donor atoms are nitrogen, phosphorus, arsenic, and antimony. Several 
of the compounds were prepared by the direct reaction of the ligand with the hexacarbonyl, 
but for the preparation of both these and similar derivatives, the cycloheptatrienemetal 
tricarbonyl * has proved a useful intermediate through reactions of the type: 


3L + C,H,Mg(CO),; = L,M(CO),+C,H,. . . .. . (I) 


The conditions for this reaction vary with the nature of the ligand; in some cases reaction 
was rapid in the cold but in others more vigorous conditions were required. Thus, tri- 
phenyl-phosphine, -arsine, and -stibine reacted in boiling benzene with cycloheptatriene- 
molybdenum tricarbonyl, whereas phosphorus trichloride reacted at once in the cold. 
The tridentate ligand, diethylenetriamine (dien), also reacted in the cold both with cyclo- 
heptatrienemolybdenum tricarbonyl and with mesitylenemolybdenum tricarbonyl;* the 
dien carbonyls, dienM(CO) 3, were also made directly from the Group VI hexacarbonyls. 


EXPERIMENTAL 


Microanalyses and molecular-weight determinations were by. the Microanalytical Labor- 
atories, Imperial College. 

Preparations.—Tripyridinemolybdenum tricarbonyl was prepared by the method of Hieber 
and Miihlbauer * and was recrystallised from pyridine (Found: C, 51:3; H, 4:0; N, 10-2; 
O, 11-4. Calc. for C,,H,,O,N,Mo: C, 51-8; H, 3-6; N, 10-1; O, 115%). 

Diethylenetriaminemolybdenum tricarbonyl. (Method 1.) The triamine (1-1 g.) in ether (5 
ml.) was added dropwise to cycloheptatrienemolybdenum tricarbony] ° (0-73 g.) in ether (5 ml.). 
After removal of ether (20°/0-2 mm.) the product was washed with water (5 x 10 ml.) and 
chloroform (3 x 2 ml.). Removal of excess of solvent (at 20°/0-1 mm.) left fine yellow crystals 
(0-67 g.) (Found: C, 29-1; H, 4-8; N, 14:4; O, 17-2. C,H,,0,;N;Mo requires C, 29-7; H, 4-6; 
N, 14:8; O, 17-0%). Under the same conditions, mesitylenemolybdenum tricarbonyl * gave 
the same product (yield, 77%) (Found: C, 29-3; H, 4:9%). is 

(Method 2.) Diethylenetriamine-chromium, -molybdenum, and -tungsten tricarbonyls. The 
hexacarbony]l (ca. 1 g.) and the triamine (ca. 5 ml.) were heated together. When no more gas 
was evolved, the mixture was poured into cold water (100 ml.). The crystals were removed 


1 Nigam and Nyholm, Proc. Chem. Soc., 1957, 321. 

2 For references see Hieber, Abeck, and Platzer, Z. anorg. Chem., 1955, 280, 252. 
% Abel, Bennett, Burton, and Wilkinson, J., 1958, 4559. 

4 Nicholls and Whiting, J., 1959, 551. 

5 Hieber and Miihlbauer, Z. anorg. Chem., 1935, 221, 337. 
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by filtration and washed with water (50 ml.) and alcohol (20 ml.). Removal of solvent (20°/ 
0-1 mm.) left the pure products dienM(CO), (Table). The compounds darken with decomposition 
above 230°; they are insoluble in common organic solvents. 





Yield Found (%) Required (%) 

1€ ¢ — —-_ es ie —_ 
% Colour Cc H N Oo M Cc H N oO M 

Cr 73 Pale brown 35-5 58 186 203 20-9 352 54 176 20-1 21-8 

Mo 87 Pale yellow 29-7 47 148 169 33-9 29-7 46 148 170 340 

Ww 81 Dark yellow 223 36 — 128 496 226 35 — 129 49-6 


Tri(phosphorus Trichloride)molybdenum Tricarbonyl.—Cycloheptatrienemolybdenum  tri- 
carbonyl (0-62 g.) and phosphorus trichloride (10 ml.) were heated (80°) under nitrogen (15 
min.). Excess of trichloride was removed (30°/5 mm.), and the residue extracted with light 
petroleum (b. p. 40—60°) (2 x 10 ml.). The resulting yellow solution was filtered and cooled 
(—80°). The yellow crystals were filtered off and recrystallised from petrol (0-56 g.), m. p. 
85° (decomp.) (Found: C, 7-0; P, 16-1; Cl, 55-1. C,O,Cl,MoP, requires C, 6-1; P, 15-7; Cl, 
53-9%). 

Similar reactions with arsenic or antimony trichloride occurred, but it was impossible to 
isolate a pure product, although infrared spectra of the yellow solutions formed indicated the 
presence of arsenic and antimony analogues of the phosphorus trichloride complex. The latter 
is soluble in light petroleum and several other organic solvents. Like Ni(PCl,), * the compound 
is fairly stable to cold water but decomposes slowly on warming. On storage even in vacuum 
it becomes pink and loses phosphorus trichloride. 

Tris(triphenylphosphine)molybdenum Tricarbonyl, and Arsenic and Antimony Analogues.— 
Cycloheptatrienemolybdenum tricarbonyl (0-37 g.) and triphenylphosphine (2-0 g.) in benzene 
(5 ml.) were heated under reflux until the red colour of the cycloheptatriene complex had 
completely disappeared (15 min.). Cooling, filtration, and repeated washing with benzene, 
followed by evacuation (20°/0-1 mm.), left. fine yellow crystals (0-34 g.), darkening 145°, 
decomp. 160° (Found: C, 70-9; H, 5-4; P, 9-1. C,;,H,;O,MoP, requires C, 70-8; H, 4:7; P, 
96%). Prepared similarly, ¢tvis(triphenylarsine)molybdenum tricarbonyl, darkening 150°, 
decomp. 170° (Found: C, 63-4; H, 5-0; O, 3-6. C,;,H,,O,As,Mo requires C, 62-3; H, 4:1; 
O, 44%), and tris(triphenylstibine)molybdenum tricarbonyl, darkening 210°, decomp. 220° 
(Found: C, 56-1; H, 4:0; O, 4-6. C,;,H,,0,MoSb, requires C, 55-3; H, 3-7; O, 3-9%), were 
obtained as yellow crystals. These products were insoluble in organic solvents other than 
warm chloroform, dichloromethane, and acetone, and these solutions darkened rapidly owin 
to decomposition. ; 

Tris(diphenylphosphorus Chloride)molybdenum Tricarbonyl.—The cycloheptatriene complex 
(0-7 g.) in ether (5 ml.) was added to diphenylphosphorus chloride (2 ml.) in ether (5 ml.). 
After 4 hour’s shaking, the mixture was filtered and the crystals were washed with ether (20 
ml.). Removal of excess of solvent in vacuum gave the product (1-3 g.), m. p. 148° (efferv.) 
(Found: C, 56-4; H, 4:0; P, 105%; M, 839. C,,H,,0,Cl,MoP, requires C, 55-6; H, 3-6; 
P, 110%; M, 842). The compound is insoluble in light petroleum, alcohol, and carbon tetra- 
chloride but is moderately soluble in benzene, dichloromethane, chloroform, and carbon 
disulphide. On being warmed in these solvents, some:decomposition occurs. 

Tri(phenylphosphorus Dichloride)molybdenum Tricarbonyl.—To cycloheptatrienemolyb- 
denum tricarbonyl (0-845 g.) in ether (10 ml.) was added phenylphosphorus dichloride (1 ml.). 
After the mixture had been shaken for 1 hr. the ether was removed in vacuum. The residue 
was extracted with light petroleum (b. p. 40—60°) (4.x 20 ml.), and the filtered solution 
concentrated to 20 ml. and cooled to —78°. The yellow crystals were removed, and after 
being washed with petroleum and dried in vacuum, had m. p. 106—110° (decomp.) (Found: 
C, 35-3; H, 2-8; P, 12-7. C,,H,,0,;Cl,MoP, requires C, 35-2; H, 2-1; P, 13-0%). 

Diethylenetriaminemanganese Tricarbonyl Iodide.—The triamine (0-9 g.) was added to 
mesitylenemanganese carbonyl iodide’ (0-93 g.), and the mixture warmed (60°). Although 
no evolution of gas was observed, yellow crystals were deposited and a strong smell of mesitylene 
was noted. The product was washed with ether (5 x 2 ml.) and recrystallised from chloroform 
(0-49 g.) (Found: C, 23-4; H, 3-6; N, 11-8; O, 13-6; I, 34-9. C,H,,0,N,I,Mn requires C, 
22-8; H, 3-5; N, 11-4; O, 13-0; I, 345%). The yellow crystals dissolve in water to a pale 

* Irvine and Wilkinson, Science, 1951, 118, 742. 

? Coffield, Sandel, and Closson, J. Amer.-Chém. Soc., 1957, 79, 5286. 
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yellow solution from which the iodide is immediately precipitated by silver ion. The hydroxide 
is soluble in water. The cation can be precipitated from aqueous solutions by large anions such 
as reineckate, tetraphenylborate, etc. 

Tetracarbonyl Derivatives.—For comparison with the tricarbonyls and for spectral measure- 
ments the following derivatives were made. o-Phenanthrolinemolybdenum tetracarbonyl was 
prepared by Hieber’s method; * it was impossible to purify it by repeated crystallisation as 
claimed, but chromatography on Grade H (Spence) alumina yielded the pure red crystalline 
complex (Found: C, 49-8; H, 2-6%; M, 406. Calc. for C,,H,O,N,Mo: C, 49-6; H, 2-1%; 
M, 388). 2,2’-Dipyridylmolybdenum tetracarbonyl. Molybdenum hexacarbonyl (0-7 g.) and 
the dipyridyl (0-4 g.) in toluene (5 ml.) were heated under reflux until evolution of gas ceased. 
The product crystallised on cooling and removal of excess of solvent and molybdenum carbonyl 
at 40°/10-3 mm. left the pure product as red crystals, decomp. 150—170° (Found: C, 46-2; H, 
2:7; N, 7:8; O, 17-8. C,,H,O,N,Mo requires C, 46-2; H, 2:2; N, 7:7; O, 17:6%). It is 
insoluble in petrol but soluble in carbon tetrachloride, chloroform, ethanol, and acetone, giving 
orange-red solutions. 

Infrared Spectra.—Measurements were made by using a Perkin-Elmer Model 21 instrument 
with sodium chloride and calcium fluoride optics. Spectra were taken in carbon tetrachloride, 
chloroform, and petroleum solutions and also in Nujol mulls. The bands in the carbonyl region 


cm! 
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1700—2100 cm. are: dipyMo(CO),, 2022 (m), 1906 (vs), 1877 (s), 1826 (s) (in CHCl, soln.); 
o-phenMo(CO),, 2025 (m), 1906 (vs), 1875 (s), 1826 (s) (in CHCl, soln.); py,Mo(CO)s;, 1888 (s), 
1850 (sh), 1818 (sh), 1746 (s, broad) (Nujol mull); dienCr(CO);, 1881 (s), 1735 (s, broad) (Nujol 
mull); dienMo(CO);, 1883 (s), 1723 (s, broad) (Nujol mull); dienW(CO);, 1873 (s), 1718 (s, 
broad) (Nujol mull); dienMn(CO),I, 2034 (s), 1903 (s, broad) (Nujol mull); (Ph,P),;Mo(CO),, 
1949 (s), 1908 (w), 1891 (w), 1835 (s) (Nujol mull); (Ph,As),;Mo(CO),, 1957 (s), 1910 (w), 1889 (w), 
1847 (s) (Nujol mull); (Ph,Sb),;Mo(CO),, 1972 (s), 1945 (w, sh), 1875 (vs), 1850 (sh) (Nujol mull) ; 
(PCl,),;Mo(CO);, 2041 (s), 1989 (s), 1960 (sh) (CCl, soln.); (AsCl,;);Mo(CO),;, 2031 (m), 1992 (m), 
1958 (w) (petrol soln.); (SbCl,),;Mo(CO),;, 2045 (m), 1991 (m), 1953 (w) (petrol soln.); 
(Ph,PCl),Mo(CO),;, 1977 (s), 1885 (s) (CHCI, soln.); (PhPCl,),;Mo(CO);, 2016 (s), 1943 (s) (CHCl, 
soln.). 


DISCUSSION 


The formation of the compounds L,Mo(CO), from cycloheptatriene- and mesitylene- 
molybdenum tricarbonyls suggests that the three carbon monoxide groups in the octa- 
hedral structure (I) are mutually cis. This configuration is also suggested by trans-effect 
arguments in the stepwise formation of the diethylenetriamine-chromium, -molybdenum, 
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and -tungsten tricarbonyls (II); the diethylenetriaminemanganese tricarbonyl ion will 
have a similar structure (III). The infrared spectra of the compounds L,Mo(CO), all have 
two strong bands in the C-O stretching region in accordance with three mutually cis- 
carbonyl groups, since these molecules have a C3, symmetry axis. The dienM(CO), and 
dienMn(CO),I spectra also have only two carbonyl modes despite the lower symmetry; 
the low-frequency band in each compound is very broad, however, but could not be 
resolved even with calcium fluoride optics. Since the donor atoms (N) are the same, a 
large splitting may well not occur. 

Factors affecting the values of C-O stretching frequencies in metal carbonyls and sub- 
stituted carbonyls as well as the nature and stabilities of the compounds, such as the 
extent of multiple bonding in the M-C bond and the influence thereon of the nature of 
other ligands present, have often been discussed.*:® In previous studies, however, the 
wide range of C-O stretching frequencies observed for the present compounds (Table) has 
not been observed; the variation in frequencies due to the factors discussed below we 
regard as being much greater than changes due to the effects of mass and the use of different 
media. It has often been assumed that C-O stretching frequencies of metal carbonyl 
compounds lying below ~1850 cm.+ were attributable to bridging carbon monoxide 
groups. However, in the present compounds bridging groups cannot be present. 

Where nitrogen atoms are the active donors in the chromium, molybdenum, and 
tungsten complexes, the frequencies of the two carbonyl modes are unusually low; in 
fact, the lower frequencies are the lowest non-bridging carbonyl frequencies to be observed 
so far. Since the donor nitrogen atoms have little or no acceptor property, higher d 
orbitals being unavailable, the resulting negative charge on the metal atom R,N*-M~ may, 
according to Pauling’s electroneutrality principle, be dissipated by increasing the bond 
orders in the M—C-O system. This will lead to a lowering of the C—O stretching frequency. 
In the octahedral trisubstituted derivatives of nitrogen donors, the multiple-bond char- 
acter in the metal-carbon bonds of the tricarbonyl residue will be at a maximum by 
arguments similar to those given pains for similar cases.° 


7k 2 
L H.N CH, 
rfp Re it ort NH 
LS oc am cH le an em _ 
ee Ls get -_ T ok 
co co (III) 


(I) (II) 


In the diethylenetriaminemanganese tricarbonyl cation, which is isoelectronic with the 
neutral dienCr(CO),, the positive charge on the ion reverses to some extent the flow of 
negative charge into the M-C-O system, and accordingly leads to a rise in the carbonyl 
frequencies of about 150 cm.. This type of alteration in the C—O stretching frequencies 
and bond orders by changes in the charge on a particular species has already been illus- 
trated by the decrease in the C-O stretching frequencies in going from Fe(CO), to 
[HFe(CO),)- and [Fe(CO),]*-, the latter ion also showing an unusually low carbonyl 
frequency. 

Considering the molybdenum tricarbonyl compounds with triphenyl-phosphine, 
-arsine, and -stibine as donors, a pronounced increase in the carbonyl frequencies com- 
pared to those of the nitrogen-donor derivatives is observed. This increase is con- 
ventionally attributed to x character in the metal-ligand bond, the 3d, 4d, and 5d orbitals 
in phosphorus, arsenic, and antimony being utilized as acceptor orbitals. It will be noted, 


8 See, e.g., Nyholm and Short, J., 1953, 2670. 

® Chatt and Hart, Chem. and Ind., 1958, 1474. 

10 Abel, Hargreaves, and Wilkinson, J., 1958, 3149. 

11 Stammreich, Sala, Tavares, Krumholtz, and-Behmoiras, J. Chem. Phys., in the press. 
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however, from the Table, that there is little difference in the values of the C-O stretching 
frequencies in the phosphine, arsine, and stibine complexes. This may be taken as indicat- 
ing that the donor-acceptor properties of the ligand atoms, phosphorus, arsenic, and 
antimony, are essentially the same. A similar conclusion has very recently been reached ® 
from dipole-moment measurements, which showed that the differences in multiple-bonding 
capacities of phosphorus and arsenic towards nickel were virtually negligible. It certainly 
appears from our results that any differences in the donor-acceptor properties of the donor 
atoms are much smaller than the effects due to changes in electronegativity of groups 
attached to the donor atom. 

In the trihalide phosphorus, arsenic, and antimony complexes, the availability of the 
donor atom d orbitals is increased relative to the phenyl compounds by the greater electro- 
negativity of the halogen; an increase in the C-O stretching frequencies in the halide 
complexes is the result. The effect of the attachment of chlorine to the donor atom is 
well illustrated by the steady rise in the carbonyl frequencies along the series: 
(PhgP),;Mo(CO);, (Ph,PCl);Mo(CO) 3, (PhPCl,),;Mo(CO),, and (PCI,);Mo(CO),. 


We are indebted to the Ethyl Corporation for financial support (E. W. A. and M. A. B.) 
and to the Climax Molybdenum Company, Albright and Wilson (Mfg.) Ltd., and The Shell 
Petroleum Co. Ltd. for generous gifts respectively of molybdenum carbonyl, substituted 
phosphines, and cycloheptatriene. 
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468. Thiohydantoins. Part IV.* Oxidation in Alkaline Solution 
by Molecular Oxygen. 


By J. T. Epwarp and S. NIELSEN. 


In alkaline solution 2-thiohydantoins having a 5-hydrogen atom are 
oxidised by molecular oxygen to octahydro-1 : 5’-diglyoxalinyls. 


THE oxidation of 5-phenylhydantoin (I; R = Ph) with a variety of reagents affords 
octahydro-2 ; 4: 2’ : 4’-tetraoxo-5 : 5’-diphenyl-1 : 5’-diglyoxalinyl (‘‘ diphenylhydantil ’’) 
(VI; R= Ph).4? Pinner* obtained this product by heating 5-phenylhydantoin in 
alcoholic potassium hydroxide, oxidation apparently being effected by molecular oxygen. 
We have found that in aqueous alkali at room temperature 5-phenylhydantoin absorbs 


CHR AR ER:OH CR 
HN* co —> HN *emO ~w we. co 
OC—NH OC——NH > OC—NH OC—NH 


(I) (II) (111) (LV) 


oxygen, to give diphenylhydantil. The reaction probably involves oxidation of the 
carbanion * (II; R = Ph) to the hydroxyamide? (III; R = Ph), which in the form of 
the pseudo-base (IV; R = Ph) can condense with the anion (V; R = Ph) derived from a 
second molecule of 5-phenylhydantoin. Condensation of the pseudo-base (IV; R = Ph) 
with the more abundant anion ® (VII; R= Ph), which is usual in most reactions of 


Part III, J., 1957, 5084. 


* 
1 Gabriel, Annalen, 1906, 350, 118. 

2 Holmberg, Acta Chem. Scand., 1950, 4, 821. 

3 Pinner, Annalen, 1906, 350, 135. 

4 Cf. Walling, ‘‘ Free Radicals in Solution,’”’ Wiley, New York, 1957, p. 464. 

5 Pickett and McLean, J. Amer. Chem. Soc., 1939, 61, 423; Stuckey, J., 1947, 331. 
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hydantoins with electrophiles in alkaline solution,® is probably prevented in the present 
instance by the dipolar repulsions which might be expected in the product (VIII; R = Ph). 


-. 
7 co HN—cCO CHR—CO 
a ee Si nie allie SCR-NZ 
OC—NH OC—NH CO—NH 
(V) (VI) 
UCHR 
HN* “CO HN—CO .CO-CHR 
(qv) + | 9. 7 SCR-Ni | 
OC ==N OC—NA CO-NH 
(VID) (VID 


Unlike 5-phenylhydantoin, the 5-alkylhydantoins in alkaline solution are not oxidised 
by molecular oxygen, probably because of the much smaller concentration of the carbanions 
(II; R = alkyl) than of the aryl analogue (II; R = Ph).? However, the great electron- 
attraction of the thiocarbonyl group * might be expected to promote the ionisation of 
2-thiohydantoins to carbanions analogous to (II). In fact, in alkaline solution these 
compounds, except when disubstituted at position 5, absorb oxygen readily (Table 1). 
We have attempted to elucidate the nature of the oxidation products of different types 
of 2-thiohydantoins. 


TABLE 1. Absorption of oxygen by solutions of substituted 2-thiohydantoins in 
sodium hydroxtde. 


Substituent -— 1-Me 1-Ph 3-Ph 5-Me  5-Ph 5-CH,Ph 3: 5-Ph, 
O, absorption (atom/mole) 1-3 0-9 1-2 1-0 0-7 0-9 0-6 1-6 


The oxidation of 5-monosubstituted and 3: 5-disubstituted 2-thiohydantoins gave 
high-melting, relatively insoluble solids (Table 2) which are probably also octahydrodi- 
glyoxalinyl derivatives (IX), although in only three cases (discussed below) were the 
structures investigated. The lower yields on oxidation of the 3 : 5-disubstituted 2-thio- 
hydantoins are to be expected, because the competing hydrolysis of these compounds in 
alkaline solution is very rapid.® 


TABLE 2. Substituted octahydrodiglyoxalinyls (IX) obtained by oxidation of 
2-thiohydantoins. 


Yield Found (%) Required (%) 

R R’ M. p. (%) Cc H N Formula Cc H N 
Me H 270° ¢ 65 37-0 3-7 21-4. C,H, O,N,S, 37-2 3-9 21-8 
Pr! H 212° 76 458 59 Cys3H,,0,N,S, 453 58 
Bu! H 240° 70 48-6 6-5 C,,4H2,0,N,S, 49-2 6-4 
Ph H 250° 50 56-1 3-3 14-5 C,,H,,0.N,S, 56-5 3-7 14-6 
PhCH, H 256° 75 58-3 4-4 C.9H,,0,N,S, 58-3 4-1 
Me Me 250° 6 41-7 4-7 19-2 Cy9H,,0.N,S, 43-0 4-9 18-9 
Ph Ph 260° 14 66-9 3-8 10-2 ° Cy 9H,.0,N,S, 67-2 4-1 10-4 


* Crystallized from aqueous 2-methoxyethanol. ° Crystallized from acetone. 


The compound obtained by oxidation of 5-phenyl-2-thiohydantoin afforded phenyl- 
glyoxylic acid on alkaline hydrolysis, as would be expected from the formulation (IX; 
R= Ph, R’=H). In further agreement, its absorption spectrum (Table 3) was 


® Ware, Chem. Rev., 1950, 46, 403. 

7 Cf. Bovarnick and Clarke, J. Amer. Chem. Soc., 1938, 60, 2426. 

§ Ingold, “‘ Structure and Mechanism in Organic Chemistry,” Bell, London, 1953, p. 77. 
® Edward and Nielsen J., 1957, 5080. 
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approximately the sum of the absorptions to be expected 1 for the two separate thio- 
hydantoin moieties. Also, the increase in absorption at 268 my when the solution was 
made alkaline indicated the presence of two ionising N(,)H groups.” Finally, removal of 


R’N——CQ _CHR—CO MeHC——NH ~NH—CHMe 
SCR—NZ ; l 4C-S-S-CE 
SC—NH CS——NR OC—N N—coO 
(IX) (X) 
SC—NH CO—NH SC—NH O-—NH 
) >C=CH—CZ 7 =cv“ 
HN—cCO | “NH-CS HN—cO NH=CS 
(XI) Me (XII) 


sulphur from the compound with chloroacetic acid™ afforded diphenylhydantil (VI; 
R = Ph). 

Sjollema and Seekles !* reported that in sodium hydrogen carbonate solution 5-methyl- 
2-thiohydantoin was oxidised by air to two compounds C,H,,0,N,S,, decomposing at 
about 240° and 270°, to which they assigned the structures (X) and (XI) respectively. 
We have obtained only one compound C,H,,0,N,S,, decomposing at about 270°, from 


TABLE 3. Absorption characteristics of substituted octahydrodiglyoxalinyls (IX) in 
aqueous acid and alkali (inflexions in parentheses). 


In 0-002n-HCI In 0-002n-NaOH 

R R’ Amax. (My) e Amax. (my) é 

Me H (269) 28,000 263 47,000 
263 29,500 208 12,000 
226 15,000 

Me Me (268) 24,500 263 17,500 
263 26,000 230 20,000 
(235) 16,000 

Ph H 278 30,500 268 42,000 
235 16,500 


aerial oxidation in alkaline solution. Its ultraviolet absorption in aqueous acid (Table 3) 
was that expected for two isolated 2-thiohydantoin moieties,” as in (IX; R = Me, R’ = H); 
the compound (XI) would be expected to show one absorption peak at a longer wavelength. 
Further, in alkaline solution the oxidation product showed the greatly enhanced absorption 
at 263 my characteristic of a thiohydantoin moiety having an ionizable Ni,yH group; 
this evidence eliniinates the structure (X). Finally, the formation of pyruvic acid on 
alkaline hydrolysis of the oxidation product is compatible only with its formulation 
as (IX; R = Me, R’ = H). 

The compound from 3: 5-dimethyl-2-thiohydantoin showed in acid solution the 
ultraviolet absorption (Table 3) to be expected for the structure (IX; R = R’ = Me). 
The lower absorption at 263 my in alkaline solution indicated the hydrolysis of the 1 : 3 : 5- 
trisubstituted 2-thiohydantoin moiety of (IX); the extreme lability to alkali of such 
structures has been demonstrated previously.® 

While alkaline hydrolysis of the compounds (IX; R = Ph and Me, R’ = H) afforded 
the expected «-keto-acids, hydrolysis for four hours in concentrated hydrochloric acid at 
165° gave no a-keto-acid, but approximately two mols. each of phenylglycine and of 
alanine, as judged by spot intensities on paper chromatograms. On the other hand, 
acid hydrolysis of diphenylhydantil gave only one mol. of phenylglycine. Evidently 
the presence of the thiocarbonyl group caused the oxidised C,,)-centre of compounds (IX) 
to be reduced at some stage in the hydrolysis; this may have been after the liberation of 

10 Edward and Nielson J., 1957, 5075. 


11 Cf. Johnson, Pfau, and Hodge, Amer. Chem. J., 1912, 34, 1045. 
12 Sjollema and Seekles, Rec. Trav. chim., 1925, 44, 821. 
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«-keto-acid, as shown by the formation of alanine when pyruvic acid was heated with 
thiourea in hydrochloric acid under the same conditions. 

The detachment of a terminal thiohydantoin residue from a polypeptide chain by mild 
alkaline hydrolysis, according to the procedure of Schlack and Kumpf,!* will almost 
certainly result in some oxidation of the thiohydantoins. When the latter, contaminated 
by oxidation products, are identified by conversion into the parent amino-acid, it appears 
advisable for maximum yields to use acid ™ rather than alkali for this second hydrolysis. 

The oxidation of 2-thiohydantoin itself gave a black solid, forming a red solution in 
alkali. Because of its colour we tentatively formulate this compound as (XII); its 
formation by oxidation resembles that of indigo. This product was hydrolysed in 
hydrochloric acid in 3 hours at 155° to glycine, probably after preliminary fission to 
2-thiohydantoin and thioparabanic acid, and to smaller amounts of two other ninhydrin- 
positive substances; in alkaline solution it absorbed oxygen and gave oxalic acid and 
thiourea. 

Thiohydantoins substituted at N,,) absorbed oxygen in alkaline solution (Table 1), but 
no oxidation products were precipitated on subsequent acidification of the solutions. 


EXPERIMENTAL 


Whatman No. 1 filter paper was used for paper chromatography. 

Oxidation of 2-Thiohydantoins.—(a) The 2-thiohydantoin (1 mmole) was placed in a small 
flask fitted with a dropping funnel and a magnetic stirrer and connected with a gas burette. 
The apparatus was flushed with oxygen, then 0-5n-sodium hydroxide (2 ml.) was added and 
stirring commenced. The thiohydantoin dissolved and absorption of oxygen, if any, began 
immediately and was complete within 24 hr. (Table 1). Solutions of 5: 5-dimethyl- and 5: 5- 
diphenyl-2-thiohydantoin absorbed no oxygen. 

(b) Oxygen was bubbled overnight through a solution of 2-thiohydantoin (5 mmoles) in 
N-sodium hydroxide (5 ml.). The oxidation products separating on acidification were almost 
insoluble in all the common organic solvents, and crystallized only from large volumes of the 
solvents indicated (Table 2). They were soluble in aqueous sodium hydroxide, from which 
they were reprecipitated by acid. 

Alkaline Hydrolysis of Octahydro-4 : 4’-dioxo-5 : 5’-diphenyl-2 : 2’-dithiono-1 : 5’-diglyoxalinyl 
(IX; R= Ph, R’ = H).—The octahydrodiglyoxalinyl (0-2 g.) was heated with 6N-sodium 
hydroxide (3 ml.) to 100° for 1 hr. The solution was acidified, filtered from a small quantity 
of starting material, and treated with a saturated solution of 2: 4-dinitrophenylhydrazine in 
2n-hydrochloric acid (10 ml.). The yellow solid separating crystallized from aqueous acetone 
as prisms, m. p. 197—199° (decomp.) (Found: C, 49-1; H, 3-0; N, 16-3. Calc. for C,4H,,O,N,: 
C, 50-1; H, 3-0; N, 17-0%), identified as phenylglyoxylic acid 2 : 4-dinitrophenylhydrazone by 
mixed m. p. Both specimens migrated as a single zone of Ry 0-70 when chromatographed with 
butanol—water-ethanol-concentrated aqueous ammonia (40 : 49: 10: 1) (solvent A) as irrigating 
solvent.1¢ 

Acid Hydrolysis of Octahydro-4 : 4’-dioxo-5 : 5’-diphenyl-2 : 2’-dithiono-1 : 5’-diglyoxalinyl (IX; 
R = Ph, R’ = H).—The octahydrodiglyoxalinyl (0-5 g.) was heated with hydrochloric acid 
(5 ml.) in a sealed tube for 4 hr. at 165°. After removal of a tar, the solution was evaporated to 
dryness, the residue taken up in water, and the evaporation repeated twice. The residue, 
m. p. 236—240° (0-46 g.), was identified as the phenylglycine hydrochloride by paper chromato- 
graphy [Rp 0-53 with propanol—water (7: 3), 0-38 with butanol-acetic acid,!” and 0-70 with 
phenol—-ammonia 1%]. An authentic specimen run at the same time showed identical Ry values. 

Reaction of Octahydro-4 : 4’-dioxo-5 : 5’-diphenyl-2 : 2’-dithiono-1 : 5’-diglyoxalinyl with Chloro- 
acetic Acid.—The octahydrodiglyoxalinyl (1-6 g.) was refluxed for 6 hr. with 20% aqueous 


18 Schlack and Kumpf, Z. physiol. Chem., 1926, 154, 125. 

14 Waley and Watson, J., 1951, 2394. 

18 Tibbs, Nature, 1951, 168, 910; Baptist and Bull, J. Amer. Chem. Soc., 1953, 75, 1727. 
16 Metzler and Snell, J. Biol. Chem., 1952, 198, 353. 

17 Woiwood, J. Gen. Microbiol., 1942, 3, 312. 

18 Sanger and Tuppy, Biochem. J., 1951, 49, 463. 
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chloroacetic acid (60 ml.). The residue obtained on evaporation was washed with sodium 
hydrogen carbonate solution, and the insoluble solid (0-30 g.) dissolved in alkali and precipitated 
by acid. The solid, m. p. >320° (Found: C, 61-8; H, 4:1. Calc. for C,gH,,O,N,: C, 61-7; 
H, 4:0%), was identified as octahydro-2: 4: 2’: 4’-tetraoxo-5 : 5’-diphenyl-1 : 5’-diglyoxalinyl 
by its infrared spectrum (KBr disc), which showed peaks (cm.~!) at 1780s, 1700s, 1498w, 1451m, 
1398s, 1368sh, 1292w, 1275w, 1250m, 1205w, 1165w, 1135w, 1080w, 1035w, 1015w, 955w, 876w, 
845w, 792m, 757s, 738s, 699m, 670w, 642w, and 627m. An authentic specimen * showed the 
same spectrum. 

Alkaline Hydrolysis of Octahydro-5 : 5’-dimethyl-4 : 4’-dioxo-2 : 2’-dithiono-1 : 5’-diglyoxalinyl 
(IX; R= Me, R’ = H).—The octahydrodiglyoxalinyl (0-58 g.) was treated for 2 days with 
6Nn-sodium hydroxide (5 ml.) at 20°. The solution was then acidified and treated with 2: 4-di- 
nitrophenylhydrazine in 2N-hydrochloric acid. The residue from an ethyl acetate extract of 
the solution, examined by paper chromatography with solvent A, gave zones corresponding 
to the 2 : 4-dinitrophenylhydrazones of pyruvic acid (Rp 0-40, 0-57) and formaldehyde (Ry 0-89). 

Oxidation of 2-Thiohydantoin.—Oxygen was bubbled overnight through a solution of 
2-thiohydantoin (1-54 g.) in N-sodium hydroxide (13-3 ml.). Purple-black crystals (0-20 g.), 
decomp. > 230°, were then removed; a further quantity (0-15 g.) was obtained by neutralizing 
and concentrating the solution. Octahydro-4 : 4’-dioxo-2 : 2’-dithiono-1 : 5’-diglyoxalinylidene 
(XII) was obtained by crystallization from pyridine—methanol as reddish-black prisms, decomp. 
> 230° (Found: C, 31-6; H, 1-8; N, 25-3. C,H,O,N,S, requires C, 31-6; H, 1:7; N, 245%). 
It gave a deep red solution with aqueous alkali. 

Addition of calcium chloride to the filtrate from the second crop gave a precipitate of 
calcium oxalate (0-29 g.), recognized by its insolubility in dilute acetic but solubility in syrupy 
phosphoric acid, by affording carbon dioxide with potassium permanganate, and by a positive 
resorcinol test.1® After removal of the oxalate the filtrate was evaporated to dryness, and the 
residue extracted with ethyl acetate and acetone. The combined extracts on concentration 
afforded colourless prisms of thiourea, m. p. and mixed m. p. 181° (0-05 g.) (S-acetylthiuronium 
chloride,*° m. p. and mixed m. p. 120°), Rp 0-30, identical with thiourea, on paper chromato- 
graphy with butanol saturated with water. 

The solid (XII) (30 mg.) dissolved partially in 0-1N-sodium hydroxide (2-4 ml.); the solution 
absorbed oxygen (2 ml.). Addition of N-sodium hydroxide (1 ml.) then gave complete solution, 
and further uptake of oxygen (3 ml.). The oxidation caused the deep red colour of the solution 
to change to orange. The solution was acidified and treated with calcium chloride, giving a 
precipitate (6 mg.) which gave the characteristic tests for oxalate. 
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19 Vogel, “‘ Qualitative Chemical Analysis,” Longmans Green, London, 1948, p. 306. 
20 Moore and Crossley, J. Amer. Chem. Soc., 1940, 62, 3273. 
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469. Mechanism of the Enzymic Synthesis of a Branched 
Trisaccharide containing the «-1 : 2-Glucosidic Linkage. 


By E. J. Bourne, J. HARTIGAN, and H. WEIGEL. 


A trisaccharide produced during the growth of B. arabinosaceous on a 
[44C]sucrose medium containing lactose has been characterised as O-B-p- 
galactopyranosyl- (1 —+ 4) -O-{[#C] -«-D- glucopyranosyl - (1 — 2)}-p- 
glucose. The distribution of C in its three monosaccharide units is in 
accordance with a mechanism involving the transfer of the glucose residue 
from sucrose to the reducing moiety of lactose. 


It has been shown! that certain simple sugars can serve as chain initiators when the 
dextransucrase of Leuconostoc mesenteroides (NRRL B-512) acts on sucrose. Such sugars 
cause a marked decrease in dextran production, and lead to the synthesis of oligo- 
saccharides. A similar phenomenon was observed with dextransucrase preparations 
and with growing cultures of B. arabinosaceous (Birmingham).2* The oligosaccharides 
produced in cultures containing sucrose as a substrate, to which isomaltose, maltose, 
methyl a-p-glucoside, or 3-O-methyl-p-glucose had been added as receptors, were formed 
by the successive transfer of glucosyl units from sucrose molecules to the receptor, with 
the formation of «-1 : 6-glucosidic linkages. The addition of lactose or cellobiose to a 
culture led to the synthesis of a trisaccharide in which a glucosyl unit was attached through 
an a-l : 2-linkage to the reducing moiety of the disaccharide.2*5 Thus the trisaccharide 
produced in a lactose-sucrose medium was characterised as O-f-D-galactopyranosyl- 
(1 —» 4)-0-[«-p-glucopyranosyl-(1 —+ 2)]-p-glucose, whilst that produced in the 
presence of cellobiose was analogous, namely, O-f$-D-glucopyranosyl-(1 —» 4)-O-[a-p- 
glucopyranosyl-(1 —+ 2)]-p-glucose. 

These two trisaccharides are of interest for several reasons. They contain the rare 
a-1 : 2-glucosidic linkage rather than the «-1 : 6-linkage normally synthesised by dextran- 
sucrase. They are believed to be the first ‘‘ branched” trisaccharides obtained by a 
controlled enzymic synthesis im vitro; their formation involves the use of a carbohydrate 
primer in which a sugar residue, other than the usual non-reducing end unit, has the 
correct structure to act as a receptor of a transferred sugar residue. The mechanism of 
their formation could, in fact, be a general one for the production of branched oligo- 
saccharides and, moreover, could represent the first stage in the synthesis of branched 
polysaccharides, by a route which does not involve prior formation of the linear polymer.” 
It was important therefore to study the synthesis of the branched trisaccharides in greater 
detail. Although it seemed likely that each was formed by transfer of a glucosyl unit 
from sucrose to a preformed lactose (or cellobiose) molecule, as follows: 








Glu 1 2 Fru + Gal 1——4 Glu ——» Gal 1——4 Glu 2 1Glu+ Fru. . (1) 
there were other possibilities, such as: 
Gal 1——4 Glu + Gal 1——-4 Glu ——» Gal 1——4 Glu 2 1Glu+ Gal. . (2) 





We now report the use of C-tracer techniques to elucidate this problem; at the 
same time confirmatory evidence is presented that the structure previously assigned to 
the “‘ branched ”’ trisaccharide, derived from lactose, was correct. 

A culture of B. arabinosaceous (Birmingham), incubated with lactose and [!C]sucrose, 
produced a [*C}trisaccharide (A), which was isolated from the culture medium by 

1 Koepsell, Tsuchiya, Hellmann, Kazenko, Hoffmann, Sharpe, and Jackson, J. Biol. Chem., 1953, 
200, 793. 

2 Bailey, Barker, Bourne, and Stacey, Nature, 1955, 175, 635; 1955, 176, 1164. 

* Bailey, Barker, Bourne, and Stacey, J., 1957, 3530, 3536. 


* Barker, Bourne, Grant, and Stacey, /., 1958, 601; Nature, 1956, 178, 1221. 
5 Bailey, Barker, Bourne, Grant, and Stacey, J., 1958, 1895. 
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fractionation on a charcoal—“ Celite’’ column. Chromatograms of the trisaccharide 
indicated that it was pure in both the chemical and the radiochemical sense. The specific 
radioactivity of the trisaccharide, determined as barium carbonate by the infinitely thick 
disc method,’ was 523 uc per g.-atom of carbon, corresponding to 9417 uc per mole of tri- 
saccharide. In a direct determination on the trisaccharide by the infinitely thin film 
method, the corresponding figures were 519 and 9341. Chromatographic analysis of the 
culture medium during the incubation period revealed [#C]sucrose, 74C]glucose, [#4C]- 
fructose, the [#C]trisaccharide A, and lactose. This indicated that an enzyme system 
involving an equilibrium between sucrose, glucose, and lactose was not present. 

The trisaccharide A had the same mobility on paper chromatograms and on electro- 
phoretograms as the trisaccharide O-8-D-galactopyranosyl - (1 — 4) -O-[«-D-gluco- 
pyranosyl-(1 —+ 2)]-p-glucose isolated and characterised by Bailey e¢ al.5 With aniline 
hydrogen phthalate, it gave a yellowish colour characteristic of a 2-O-substituted reducing 
aldose. It was not revealed by alkaline triphenyltetrazolium chloride which detects all 
reducing glucosaccharides except those with a 2-O-substituent.6 Its low mobility in 
borate buffer confirmed the conclusion that the reducing unit was linked through position 2. 

Further evidence for the structure of trisaccharide A and qualitative evidence for 
the distribution of 14C in the three monosaccharide units was obtained by total and partial 
hydrolysis. The hydrolysates were analysed by paper chromatography. The total 
hydrolysate was shown to contain galactose and [#*C]glucose. The partial hydrolysate 
contained galactose, lactose, [4C]glucose, and [!4C}kojibiose. 

The presence of one a- and one §-glycosidic link was confirmed by treatment of tri- 
saccharide A with almond 6-glucosidase which produced galactose and [!#C]kojibiose. 
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The evidence presented so far suggests two possible structures (I and II) for tri- 
saccharide A. The first structure could have resulted from the transfer of a lactosyl unit 
to position 2 of [#4C]}glucose, derived from [#4C]sucrose; the second could have been formed 
by transfer of a [#C}glucosyl unit from [#4C]sucrose to position 2 of the reducing moiety 
of lactose [eqn. (1)]. Since the radioactivity of the [C]sucrose employed was roughly 
17,000 uc per mole, the radioactivities of structures (I) and (II) should have been approx. 
8500 pc per mole, compared with the values 9341 and 9417 actually obtained for 
trisaccharide A. 

The possibility that trisaccharide A arose from two lactose rholecules [eqn. (2)] was 
eliminated when it was shown that no galactose was liberated and that the lactose was 
inactive throughout the incubation period. Indeed, even if instantaneous equilibration 


* Whistler and Durso, J. Amer. Chem. Soc., 1950, 72, 677; Lindberg and Wickberg, Acta Chem. 
Scand., 1954, 8, 569. 

7 Skipper, Bryan, White, and Hutchison, J. Biol. Chem., 1948, 178, 371; Calvin, Heidelberger, 
Reid, Tolbert, and Yankwich, ‘“‘ Isotopic Carbon,’”’ Wiley, New York, 1949; Henriques, Kistiakowsky, 
Margnetti, and Schneider, Ind. Eng. Chem. Analyt., 1946, 18, 349. 

8 Feingold, Avigad, and Hestrin, Biochem. J., 1956, 64, 351. 
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of the glucose units in the lactose and [##C]sucrose had occurred, the radioactivity of the 
trisaccharide produced in this way would have been only approx. 2840 uc per mole. 

In an attempt to determine quantitatively the distribution of !4C in its monosaccharide 
units, trisaccharide A was treated with phenylhydrazine, a technique which is known to 
convert, under suitable conditions, 2-O-substituted aldoses into their phenylosazones.® 
Thus compounds (I) or (II) should each have yielded p-[#C]glucosazone and lactosazone. 
The products were separated on a “Celite”’ column with a pyridine—benzene—water 
solvent, in conditions which had been established with artificial mixtures. The specific 
activity of the ‘‘ glucosazone ”’ (4203 uc per mole) was much lower than that expected 
(ca. 9400 uc per mole), whereas the “‘ lactosazone,”’ expected to be inactive, had 1184 uc 
per mole. If specific cleavage of the 1 : 2-linkage had occurred, these values would require 
the specific radioactivity of the trisaccharide to be only 5387 uc per mole. Clearly, 
phenylhydrazine under these conditions was rupturing also a percentage of the 1:4 
linkages, as was confirmed subsequently by treatment of lactose itself. 

Conclusive evidence for the distribution of #C in the monosaccharide units of tri- 
saccharide A was obtained by reduction with potassium borohydride, followed by hydrolysis 
and radioactivity assay of the products. Paper chromatography of the total hydrolysate 
of trisaccharide A alcohol revealed the presence of galactose, sorbitol, and [!C]glucose. 
These three products were isolated by preparative paper chromatography, and their 
radioactivities determined by the infinitely thin film method.” The $-emission measured 
was shown to bear a linear relation to the amount of compound applied and was calibrated 
against a standard [##C]glucose sample. The results are shown in the Table. From the 


Counts per min. Counts per min. 
per pmole pc per mole per pmole pc per mole 
D-Glucose ......... 952 9253 Sorbitol ......... 17 165 
p-Galactose ...... 6 58 Trisaccharide A 961 9341 


ratio of the emission of the glucose to the sum of the emissions of glucose, galactose, and 
sorbitol, the glucose fragment was calculated to contain 97-6% of the !C of trisaccharide A 
alcohol. An alternative calculation was based on a direct comparison of the radioactivities 
of the trisaccharide A and the glucose fragment of trisaccharide A alcohol. This indicated 
that 99-1% of the “C of trisaccharide A was present in the non-reducing glucose unit. 
These results are conclusive in favour of the “‘ branched ”’ structure (II) for trisaccharide A, 
rather than (I), which would have given glucose, galactose, and [C]sorbitol. Moreover, 
they confirm the structure assigned earlier 25 on chemical grounds alone, to a trisaccharide 
prepared in a similar manner. 

Thus it is established that the enzymic synthesis of the “ branched” trisaccharide 
O-8-D-galactopyranosyl-(1 — 4)-O-[«-p-glucopyranosyl- (1 — 2)]-pD-glucose proceeds 
by transfer, directly or indirectly, of the glucosyl residue from sucrose to position 2 of the 
reducing unit of lactose. When ["C]sucrose is used, as above, the equation becomes: 
1Glu+Fr . (8) 


* * 
Glu 1 2 Fru + Gal 1——4 Glu ——®» Gal 1——4 Glu 2 








where the asterisk denotes a radioactive sugar residue. It remains to be seen whether 
the transfer is catalysed by dextransucrase itself, or by a closely related enzyme which 
accompanies it. 


EXPERIMENTAL 
Materials.—[4C]Sucrose, generally labelled, was obtained from the Radiochemical Centre, 
Amersham. 
Determination of Radioactivity.—(i) Apparatus. Radioactivities were determined by means 
* Brigl and Schinle, Ber., 1929, 62, 1716; Haworth, Hirst, and Teece, J., 1931, 2858; Rabate, 


Bull. Soc. chim. France, 1940, 7, 565; Barry, Nature, 1943, 152, 537. 
10 Walker and Whelan, personal communication; Dalgliesh and Dutton, J., 1956, 3784. 
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of a Geiger—Miiller end-window counter. The f-emission of a radioactive specimen was 
measured for a time sufficient to give a standard counting error of better than + 2% except for 
samples of specific radioactivity lower than 1-6 uc per g.-atom of carbon when measured by the 
infinitely thick disc method, or 30 uc per g.-atom of carbon when measured by the infinitely 
thin film method. 

(ii) Infinitely thick disc method. Radioactivities were determined after conversion of the 
compound into carbon dioxide, and thence into barium carbonate.? The amount used was 
sufficient to give a thickness of greater than 20 mg. per cm.*. A sample of poly-{[{#4C]methyl 
methacrylate}, supplied by the Radiochemical Centre, Amersham, was used as a standard 
source of barium [!C]carbonate. 

(iii) Infinitely thin film method.° Three drops of a 0-01% ‘“‘ Teepol”’ solution were placed 
on a polished aluminium disc (diam. 2-5 cm.). The disc was flooded with water, and the 
“‘ Teepol ’”’ solution evaporated to dryness in a stream of warm air and under an infrared lamp. 
An aqueous solution of the compound, containing 30—600 ug., was placed on the disc, and the 
disc flooded with water in order to spread the compound evenly over the surface. The solution 
was evaporated to dryness as described above. ['*C]Sugars were used as substandards. 

Chromatography.—(i) Solvents. The solvents used in chromatography were (a) butan-1-ol- 
ethanol—water (4:1:5) (organic phase); (b) benzene—pyridine-water (5 : 4: 4) (organic 
phase); (c) acetone—water (4:1); (d) ethyl acetate—acetic acid—saturated aqueous boric acid 
(9: 1:1); (e) butan-l-ol—pyridine—water-saturated aqueous boric acid (6:4: 2:1); (f) 
butan-1l-ol-ethanol—water-ammonia (4:1:4-9:0-1) (organic phase). 

(ii) Radiochromatograms. Radiochromatograms were obtained by scanning the chromato- 
grams with a Geiger—Miiller end-window counter or exposure to Ilford X-ray films (Industrial G) 
for an appropriate time. 

Oligosaccharide Synthesis in a Lactose-[4C]Sucrose Medium.—An aqueous medium (100 ml.) 
containing yeast extract (1%), disodium ammonium phosphate (0-5%), potassium dihydrogen 
phosphate (0-1%), hydrated magnesium sulphate (0-05%), lactose (10%), and [!#C]sucrose 
(2%, ca. 100 uc) was adjusted to pH 7 with sodium hydroxide and sterilised by filtration. The 
medium was inoculated with Betacoccus avabinosaceous (Birmingham) and incubated at 25° 
for 4 days. Paper chromatography of the culture medium in solvent (a) revealed components 
with Ry values identical with those of lactose (present throughout the incubation period), 
sucrose (first 24 hr.), fructose (24 hr. only), glucose, and O-8-p-galactopyranosyl-(1 —+» 4)-O- 
[«-D-glucopyranosyl-(1 —» 2)]-p-glucose.©5 The sugars were detected by acetone-silver 
nitrate—alcoholic sodium hydroxide.14 Radiochromatograms showed !C-activity corresponding 
to glucose, fructose, sucrose, and O-8-p-galactopyranosyl-(1 — 4)-O-[«-p-glucopyranosyl- 
(1 —» 2)]-p-glucose. 

The culture medium was adjusted to pH 7 and heated at 90° for 10min. The bacterial cells 
were removed on a centrifuge (30 min. at 4500 r.p.m.). After the addition of ethanol (100 ml.), 
centrifuging, and removal of the ethanol, the oligosaccharide mixture was fractionated on 
a charcoal—“‘ Celite ’’ column * (40 x 4.cm.). Water (2-5 1.) eluted the monosaccharides and 
salts: 5% aqueous ethanol (2-5 1.) removed lactose. Trisaccharide A (351 mg.) was obtained 
by elution with 10% aqueous ethanol (4 1.). 

Characterisation of Trisaccharide A.—(i) Paper chromatography of trisaccharide A in solvent 
(a) and of its benzylamine derivative }* in solvent (f) showed that each moved as a single radio- 
active component with Rgtcose 0-11 and 0-37, respectively. Paper ionophoresis * in borate 
buffer (pH 10) again showed a single component with Mg 0-33. It was detected with acetone— 
silver nitrate—-alcoholic sodium hydroxide,“ and with aniline hydrogen phthalate, but not 
with alkaline triphenyltetrazolium chloride.’ In all of these tests the behaviour of trisaccharide 
A was identical with that of authentic O-8-p-galactopyranosyl-(1 —-» 4)-O-[«-p-glucopyranosyl- 
(1 —» 2)]-p-glucose.5 

(ii) Radioactivity of trisaccharide A. The specific radioactivity of trisaccharide A, deter- 
mined by the infinitely thick disc method, was 523 uc per g.-atom of carbon, i.e., 9417 uc per 
mole of trisaccharide. 

(iii) Hydrolysis. Trisaccharide A (4:7 mg.) was hydrolysed in 1-5n-sulphuric acid (1 ml.) at 


11 Trevelyan, Procter, and Harrison, Nature, 1950, 166, 444. 
12 Bayly and Bourne, ibid., 1953, 171, 385. 

13 Foster, J., 1953, 982. 

14 Partridge, Nature, 1949, 164, 443. 
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100° for 4 hr. Paper chromatography of the hydrolysate in solvent (a) showed components 
corresponding to glucose and galactose, while radiochromatograms revealed ™C only in the 
former spot. Paper chromatography of a partial hydrolysate (N-sulphuric acid for 1 hr. at 
90°) of trisaccharide A (8-4 mg.) in solvent (a) showed components with R»y values identical with 
those of glucose, galactose, kojibiose, lactose, and trisaccharide A. Radiochromatograms 
revealed [#4C]components corresponding to glucose, kojibiose, and trisaccharide A. 

(iv) Treatment with almond emulsin. Trisaccharide A (1 mg.) was added to almond 8-glyco- 
sidase solution 5 (0-1 ml.). Paper chromatography of the digest after 72 hours’ incubation 
at 37° revealed components corresponding to [!*C]trisaccharide A (ca. 70%), [#C]kojibiose, 
galactose, and glucose (trace, radioactivity not determined). Under similar conditions lactose 
was completely hydrolysed and maltose gave a trace of glucose. 

(v) Treatment with phenylhydrazine. Trisaccharide A (74:7 mg.) in water (1-25 ml.) was 
treated with phenylhydrazine (165 mg.) in acetic acid (0-165 ml.) at 100° for 2-5 hr. and then 
left overnight at 0—2° before the mixture of phenylosazones (10 mg.) was isolated. Paper 
chromatography of the mixture of osazones in solvent (b) revealed components corresponding 
to the phenylosazones of glucose (Rp 0-69) and lactose (Rp 0-38). The osazones were detected 
by ultraviolet light and by acetone-silver nitrate—alcoholic sodium hydroxide. 

The mixture of osazones was fractionated on a “‘ Celite’’ (40 x 1-7 cm.) column. Dry 
“‘ Celite ’’ was wetted with benzene-saturated water, and made into a slurry in solvent (bd), 
which was also the developing solvent. Paper chromatography of the two isolated fractions, 
using the same solvent, showed that they moved as single components with Ry values corre- 
sponding with those of the phenylosazones of glucose and lactose, respectively. Their specific 
radioactivities, determined by the infinitely thick disc method, were 4203 uc per mole of 
monosaccharide and 1184 uc per mole of disaccharide, respectively. 

(vi) Reduction of trisaccharide A. Trisaccharide A (33-8 mg.) in water (7-3 ml.) was reduced 
with potassium borohydride (37-5 mg.) at room temperature for 20 hr. The excess of boro- 
hydride was destroyed by 3Nn-sulphuric acid (0-4 ml.), and the volume made up to 15 ml. Part 
(3 ml.) of the resulting solution was adjusted to pH 7 and passed through a column of Permutit 
“‘ Biodeminrolit ’’ (15 g.) pretreated with carbon dioxide, and then evaporated to dryness 
in vacuo. Dry methanol (3 x 10 ml.) was added and the whole evaporated to dryness in vacuo. 
The residue was dissolved in water (10 ml.) and freeze-dried. Paper chromatography of the 
reduced trisaccharide A in solvent (c) showed that it moved as a single component with Rgiucose 
0-51. It was detected with acetone-silver nitrate—alcoholic sodium hydroxide ™ and with 
periodate—-permanganate-benzidine,* but not with aniline hydrogen phthalate. Radio- 
chromatograms revealed that it moved as a single radioactive compound. 

(vii) Hydrolysis of trisaccharide A alcohol. Another part (10 ml.) of the solution of the 
reduced trisaccharide A was adjusted with 3Nn-sulphuric acid (2-4 ml.) to an acid normality of 
0-5n, and heated at 100° for 4 hr., then passed through a column of Permutit ‘‘ Biodeminrolit ”’ 
(45 g.), pretreated as above. Paper chromatography of the concentrated solution in solvent (e) 
showed components with Rp values corresponding to glucose, galactose (Rgincose 0-85), and 
sorbitol (Rgiucose 0-3). Sorbitol did not give a discrete spot, but was well separated from 
glucose and galactose. Radiochromatograms revealed the presence of !C in the component 
corresponding to glucose. Portions of the hydrolysate were fractionated by paper chromato- 
graphy. A pure glucose fraction was obtained in the above solvent. The eluted aqueous 
solutions containing glucose and galactose, respectively, were freeze-dried. Dry methanol 
(3 x 25 ml.) was added to each and the whole evaporated to dryness in vacuo. The galactose 
fraction was further purified in solvent (a). A pure sorbitol fraction (Rgjucose 2°2) was obtained 
by paper chromatography in solvent (d), and was freed from boric acid by the above method. 

The concentrations of the aqueous solutions of glucose and galactose were determined by 
the methods of Somogyi and Nelson.” The concentration of sorbitol was determined by 
oxidation with sodium periodate and determination of the formaldehyde produced with chromo- 
tropic acid.1* The specific radioactivities of glucose, galactose, and sorbitol were determined 
by the infinitely thin film method, on aliquot portions of the analysed solutions of the compounds. 
The results obtained are shown in the Table. 


18 Onslow, “ Practical Plant Biochemistry,’’ Cambridge Univ. Press, 1929. 
16 Wolfrom and Miller, Analyt. Chem., 1956, 28, 1037. 

17 Nelson, J. Biol. Chem., 1944, 158, 375; Somogyi, ibid., 1945, 160, 61. 
18 Whelan, personal communication. 
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Counts per Average counts 


Counts min. per min. 

Compound Wt. (pg.) per min. per pmole per pmole pc per mole 
p-Glucose standard ......... 44-19 284 1158 1156 11,236 
66-63 427 1154 

Trisaccharide A ............ 103-3 194 947 
221-0 431 984 
419-0 795 957 961 9,341 
508-0 965 958 
607-0 1154 959 
ID ccidtictscnchaatarecs 32-83 168 922 9,253 
52-02 276 956 952 
58-83 319 977 
ee 32-12 1 6 6 58 
IE ssstiteninceatiaiecsese 53-10 5 17 17 165 


Phenylhydrazine Treatment of Lactose.—Lactose (68-2 mg.) was dissolved in a solution of 
acetic acid (1-65 ml.) and water (12-5 ml.). Phenylhydrazine (0-22 g.) was added and the 
solution was heated at 80° for 2-5 hr. and kept overnight at 0—2°. The solid product obtained 
was analysed by paper chromatography [solvent (b)], which revealed a component with Ry 
value corresponding to lactose phenylosazone and a trace of a component with Ry value 
corresponding to a monosaccharide phenylosazone. 


The authors are indebted to the Department of Scientific and Industrial Research, the 
Royal Society, and the Central Research Funds Committee of the University of London, for 
financial assistance. 


RoyvaLt HoLttoway COLLEGE, UNIVERSITY OF LONDON, 
ENGLEFIELD GREEN, SURREY. (Received, February 17th, 1959.] 





470. The Preparation of Some Substituted 9-Carboxy-, 9-Hydroxy-, 
and 9-Halogeno-fluorenes. 


By J. D. Dickinson and C. EABorn. 


Several 2- and 3-substituted fluorenes, 9-carboxyfluorenes, 9-hydroxy- 
fluorenes, and 9-halogenofluorenes have been prepared, some by new or 
improved methods. Zinc in alcoholic calcium chloride satisfactorily reduces 
fluorenones to fluorenols. 


THIs paper describes the preparation of a range of fluorene derivatives required for kinetic 
studies to be reported later. ; 

The 2-substituted 9-carboxylic acids, 2-R-9-HO,C°C,,H,, where R = Me, Et, HO, 
MeO, and Br, were prepared by carboxylation of the 9-lithio-derivatives obtained by 
metallation of the 2-RC,,H, compounds with n-butyl-lithium in ether. There was no 
interference from cross-metallation at the 2-position in the reaction involving 2-bromo- 
fluorene. 

In recent years aluminium isopropoxide ! and lithium aluminium hydride * have been 
recommended for reducing fluorenones to fluorenols. In 1901 Diels * observed that treat- 
ment of 2-nitrofluorenone with zinc dust and alcoholic calcium chloride gives 2-amino- 
fluoren-9-ol, reduction of the carbonyl group accompanying the expected reduction of the 
nitro-group. We have found that this simple method can be used with other fluorenones, 
fluoren-9-ol and its 2-methyl, 3-methyl, and 2-methoxy-derivatives being obtained in 
65—67% yield from the corresponding fluorenones. 3-Methoxyfluorenone gave a product 
from which we could not obtain pure 3-methoxyfluorenol, but which was similar to the 
material we obtained on using Arcus and Coombs’s method ! of reduction. 


1 Arcus and Coombs, J., 1954, 3977. 

2 Bergmann, Bertier, Fischer, Hirshberg, Lavie, Loewenthal, and Pullman, Bull. Soc. chim. France, 
1952, 19, 73. 

3 Diels, Ber., 1901, 34, 1760. 
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The use of N-bromosuccinimide to brominate the 9-position * has been extended to the 
preparation of 2-bromo-, 2,7-dibromo-, 2-cyano-, and 9-bromo-2-methoxy-fluorene. 2- 
Methyl-, 2-ethyl-, and 2-amino-9-bromofluorene could not be prepared in this way, but 
the 2-methyl and 3-methyl compounds were obtained by treating corresponding fluoren- 
9-ols with acetyl bromide.” 


Several of the 9-bromo-compounds were converted into the corresponding iodides by 
treatment with potassium iodide in acetone. 2-Ethyl- and 2-cyano-fluorene were prepared 
by improved methods, and a new route was found to 2-methylfluorenone. 


EXPERIMENTAL 

2-Aminofluorene.—This, m. p. 130°, was prepared by Kuhn’s method from 2-nitrofluorene.® 

2-Hydroxy- and 2-Methoxy-fluorene.—In conversion of 2-aminofluorene into the 2-hydroxy- 
compound,® decomposition of the diazonium salt with 20% instead of 40% sulphuric acid gave 
less tar. The hydroxy-compound, m. p. 170-5°, was obtained in 50% yield, and some was 
converted * into the 2-methoxy-compound, m. p. 109°. 

2-Cyanofluorene.—2-Aminofluorene (42 g.) was dissolved in boiling glacial acetic acid 
(600 ml.). The solution was allowed to cool to 80° and boiling 40% w/w sulphuric acid solution 
(195 ml.) was added. The mixture was cooled to 0—5°, sodium nitrite (19 g.) in water (195 ml.) 
was added during 1 hr. with vigorous stirring, and the mixture was stirred for 14 hr. at 0O—5°. 
The diazonium salt was filtered off, and its suspension in water (100 ml.) was added slowly to a 
solution of potassium cyanide (95 g.) and nickel sulphate (70 g.) in water (2 1.) at 85—-90°. The 
crude 2-cyanofluorene which separated on cooling was filtered off, dried, and taken up in light 
petroleum (b. p. 100—120°) in a Soxhlet apparatus. The solution was decolorized with char- 
coal, and the solvent was removed. Recrystallization from light petroleum gave material of 
m. p. 94° (previously reported,’ 88°) in 30—80% yield. In experiments giving low yields, 
vacuum-distillation of the residues gave additional 2-cyanofluorene, b. p. 194—200°/9—10 mm., 
which gave pure product on recrystallization from methanol. 

2-A cetylfluorene.—Ray and Rieveschl’s method ® was used, except that vacuum-distillation 
(188°/4 mm.) was used to purify the product before recrystallization from ethanol. This gave 
material of m. p. 132°. 

2-Methylfluorene.°—2-Acetylfluorene was converted into 2-fluorenylacetic acid, some of 
which (55 g.) was decarboxylated with calcium oxide to give 2-methylfluorene (23 g.), m. p. 
101-5—102-5°. 

2-Ethylfluorene.—As previously observed,!° Clemmensen reduction of 2-acetylfluorene gave 
a material difficult to purify. Much better results were obtained by use of the Huang-Minlon 
modification ™ of the Wolff—Kishner reduction, as follows. 

A mixture of 2-acetylfluorene (12 g.), powdered potassium hydroxide (5 g.), 60% hydrazine 
hydrate solution (18 ml.), and ethylene glycol (125 ml.) was boiled under reflux for 8 hr., water 
being taken off intermittently during the first 2 hr. until the mixture was boiling at 185—195°. 
The solution was poured into water, and the solid which separated was purified by sublimation 
at reduced pressure to give 10 g. (90%) of material of m. p. 99-5—100° (previously reported,!° 
81—82°) (Found: C, 92:7; H, 7-2. Calc. for C,,H,,: C, 92-7; H, 7-3%). 

Fluorene-9-carboxylic Acids.—n-Butyl-lithium (usually 1 mol., but 2 mol. with the 2- 
hydroxy-compound) in ether was added slowly to the appropriate 2-substituted fluorene in 
ether, and the mixture was boiled for 14 hr. before carboxylation was carried out in the usual 
way. The following 9-carboxylic acids were obtained: 2-methoxy- (94%), m. p. 186° (from 
benzene, then aqueous methanol) (Found: C, 74:5; H, 4:9. C,,H,,0O, requires C, 75-0; H, 
5-0%); 2-methyl- (89%), m. p. 205° (but 185° with decomposition on slow heating) (from 
aqueous methanol) (Found: C, 80-1; H, 5:3. C,;H,,O, requires C, 80-3; H, 5-4%); 2-ethyl- 
(91%), m. p. 165° (from aqueous methanol) (Found: C, 80-6; H, 5-9. C,,H,,O, requires C, 
Eaborn and Shaw, J., 1955, 1420. 

Kuhn, Org. Synth., 1933, 18, 74. 

Gray, Hartley, and Ibbotson, /J., 1955, 2687. 

Fortner, Monatsh., 1904, 25, 443. 

Ray and Rieveschl, Org. Synth., Coll. Vol. III, 1955, p. 23. 


Bergmann, Berthier, Hirshberg, Loewenthal, Pullman, and Pullman, Bull. Soc. chim. France, 
1951, 18, 669. 


10 Campbell and Wang, /., 1949, 1513. 
11 Huang-Minlon, J. Amer. Chem. Soc., 1946, 68, 2487. 
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80-6; H, 5:9%); 2-hydroxy- (86%), m. p. 229—230° (from aqueous methanol) (Found: C, 
74:3; H,4-4. C,,H,,O; requires C, 74-3; H, 4.45%); 2-bromo- (80%), m. p. 226° (from aqueous 
propan-2-ol, then aqueous methanol) (Found: C, 57-6; H, 3-1; Br, 27-9. C,,H,O,Br requires 
C, 58-1; H, 3-1; Br, 27-6%). 

Fluorene 9-carboxylic acid, m. p. 229—230° (from propan-2-ol), was obtained in 85% yield 
by the above procedure but in lower yield when the fluorene in ether was added to the n-butyl- 
lithium solution. 

2-Acetamidofluorene-9-carboxylic Acid.—2-Nitrofluorene-9-carboxylic acid, prepared by 
Rose’s method #* except that a reaction time of 1 hr. was used, had m. p. 191° (decomp.) 
(previously reported,?* 186—187°) after 6 recrystallizations from 1:1 acetone-chloroform 
(Found: C, 65-8; H, 3-5; N, 5-3. Calc. for C,,H,O,N: C, 65-9; H, 3-6; N, 55%). It was 
reduced to the 2-amino-compound (m. p. 207—208°),}? 0-7 g. of which was treated in 2N-hydro- 
chloric acid with acetic anhydride and sodium acetate to give the 2-acetamido-compound (0-83 g., 
70%), m. p. 195° (from ethanol) (Found: N, 5-25. C,,H,,0,N requires N, 5-24%). 

2-Methylfluorenone.—Potassium (2-5 g.) was dissolved in ethanol (10 ml.) and anhydrous 
ether (40 ml.). To the solution was added a solution of 2-methylfluorene (10 g.) and pentyl 
nitrite (6-8 g.) in anhydrous ether (70 ml.). The orange mixture was boiled under reflux for 
4 hr. and set aside for 18 hr. A little solid which separated was removed, the ethereal solution 
was extracted several times with water and then with dilute potassium hydroxide solution, and 
the aqueous extracts were acidified. The several samples of crude 2-methylfluorenone oxime 
were combined and steam-distilled from 20% sulphuric acid (200 ml.) to give 2-methylfluorenone 
(9-2 g., 85%), m. p. 91—-92°. 

2-Nitro- and 2-Amino-fluorenone.—2-Nitrofluorenone, m. p. 222—223° (from acetic acid), 
was prepared in 97% yield by oxidation of 2-nitrofluorene with sodium dichromate in glacial 
acetic acid.* Reduction ! gave 2-aminofluorenone, m. p. 158°, in 79% yield. 

2-Bromofluorenone.—This, m. p. 149° (from light petroleum, then ethanol), was obtained 
in 95% yield from 2-bromofluorene by the method used for the 2-nitro-compound. 

2-Hydroxyfiuorenone (cf. Diels *).—2-Aminofluorenone (58-5 g.) was dissolved in boiling 
glacial acetic acid (1200 ml.), the solution was cooled to 80°, and 40% w/w sulphuric acid 
(250 ml.) was added. The solution was cooled rapidly to 0° to give the amine sulphate in fine 
particles. The suspension was diazotized at 0° by adding sodium nitrite (25 g.) in water 
(250 ml.) during } hr. and stirring for a further 14 hr. at 0—5°. The yellow solution was diluted 
with water (350 ml.) and added in a thin stream to boiling 10% sulphuric acid (1250 ml.). Char- 
coal was added, boiling was continued for 10 min., and the mixture was filtered hot. Red 
crystals separated on cooling and were washed with water and dried to give 2-hydroxyfluorene 
(37-5 g., 64%), m. p. 211°. 

2-Methoxyfluorenone.—This, m. p. 77—-78° (from ethanol), was prepared in 76% yield by 
methylation * of the 2-hydroxy-compound. 

2-A cetamidofluorenone.—2-Aminofluorene was boiled with acetic anhydride and acetic acid 
(1: 1 molarratio) for 1}hr. Thesolution was added to water, and the solid obtained was recrystall- 
ized from glacial acetic acid to give the 2-acetamido-derivative, m. p. 227—228°, in 75% yield. 

3-Methyl- and 3-Methoxy-fluorenone.—These were prepared from 2-amino-4’-methyl- and -4’- 
methoxy-benzophenone, respectively.1* Recrystallization from light petroleum gave yellow 
products, m. p. 68° and 100°, respectively, with a daffodil odour. 

3-Bromofluorenone.—2-Aminofluorenone (20 g.) was treated with bromine (17 g.) in glacial 
acetic acid (500 ml.) to give 2-amino-3-bromofluorenone (25-3 g., 90%), m. p. 215—216° (from 
benzene). Diazotization and treatment with hypophosphorous acid * gave 3-bromofluorenone 
(10-6 g., 45%), m. p. 165-5—166° (from ethanol). 

2-Cyanofluorenone.—2-Cyanofluorenone, m. p. 173° (from light petroleum), was prepared in 
35% yield from 2-aminofluorenone by a method similar to that described above for 2-cyano- 
fluorene (Found: C, 81-9; H, 3-5; N, 7-0. C,,H,ON requires 81-9; H, 3-4; N, 6-8%). 

9-Bromofluorenes.—The appropriate ring-substituted fluorenes were treated with N-bromo- 
succinimide in carbon tetrachloride in presence of a little benzoyl peroxide to give the following 
9-bromofluorenes: 2-bromo- (88%), m. p. 127° (from benzene); 2-cyano- (81%), m. p. 163-5— 
164° (yellow crystals from ethanol, then carbon tetrachloride) (Found: C, 62-3; H, 3-2; N, 


12 Rose, J., 1932, 2361. 
13 Ulimann and Mallet, Ber., 1898, 31, 1694. 
14 Kornblum, “ Organic Reactions,” John Wiley and Sons, Inc., New York, 1944, Vol. II, p. 262. 
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5-4; Br, 29-0. C,,H,NBr requires C, 62-2; H, 3-8; N, 5-2; Br, 29-6%); 2-methoxy- (65%), 
m. p. 112-5—113° (from benzene, then ether) (Found: C, 61-2; H, 4-2; Br, 29-3. C,,H,,OBr 
requires C, 61-1; H, 4-0; Br, 29-1%); also 2,7,9-tribromofluorene, m. p. 195—196° (from ethyl 
acetate). (The 2-methoxy-compound, m. p. 112—113°, was also prepared from 2-methoxy- 
fluoren-9-ol by the method described below for 9-bromo-2-methylfluorene.) 

Bromination with N-bromosuccinimide was unsatisfactory with 2-methylfluorene (which 
underwent side-chain bromination), and with 2-ethyl- and 2-amino-fluorene (both of which gave 
material containing bromine but inert to alcoholic silver nitrate). 

2-A minofluorenol.—This amine, m. p. 195°, was prepared in 63% yield by Diels’s method.® 

Reduction of Fluorenones.—Fluorenone (5 g.), calcium chloride (2 g.), zinc dust (60 g.), and 
78% ethanol (200 ml.) were boiled together for 4hr. The solution was filtered hot and added to 
water. The precipitated solid was dried and recrystallized from light petroleum, to give 
fluoren-9-ol, m. p. 154° (3-3 g., 65%). 

In the same way 2-methyl-, m. p. 144—145° (from light petroleum), 2-methoxy-, m. p. 
157-5° (from ethanol), and 3-methyl-fluoren-9-ol, m. p. 143-5—144-5° (from ethanol), were 
prepared from the corresponding fluorenones in 65—67% yield. 

When 3-methoxyfluorenone was treated in this way a green plastic material was obtained. 
Extraction with light petroleum left a white solid of m. p. 155—170°, but attempted recrystalliz- 
ation of this from ethanol reproduced the original green plastic material, and a sharp-melting 
solid could not be obtained. Very similar material was obtained when 3-methoxyfluorenone 
was reduced with aluminium isopropoxide by Arcus and Coombs’s method.! 

9-Bromo-x-methylfluorenes.—2-Methylfluoren-9-ol was converted into 9-bromo-2-methyl- 
fluorene (from ethanol, then hexane), m. p. 104° (previously reported,? 100—103°) in 90% 
yield, by treatment with acetyl bromide.? 

The 3-methyl isomer, m. p. 89° (from ethanol, then hexane), was prepared analogously in 
85% yield. 

9-Iodofluorenes.—Interaction of potassium iodide and 9-bromo-, 9-bromo-2-nitro-, 9-bromo- 
2-methoxy-, and 2,9-dibromo-fluorene in dry acetone gave, respectively, 9-iodofluorene, m. p. 
125° (decomp.) (from light petroleum), 9-iodo-2-nitrofluorene, m. p. 165—166° (from ethanol) 
(Found: C, 46-9; H, 2-5; I, 36-6; N, 4-2. C,,;H,O,NI requires C, 46-3; H, 2-4; I, 37-6; N, 
4-2%), 9-iodo-2-methoxyfluorene, m. p. 94° (decomp.) (from light petroleum) (Found: C, 53-0; 
H, 3-5; I, 38-4. C,,H,,OI requires C, 52-2; H, 3-4; I, 39-4%), and 2-bromo-9-iodofluorene, 
m. p. 145—147° (decomp.) (from light petroleum) (Found: C, 43-2; H, 2-3. C,,;H,I Br requires 
C, 42:1%; H, 2-2%. The microanalysis gave 98% of the calculated quantity of silver halide). 


THE UNIVERsITYy, LEICESTER. [Received, March 9th, 1959.] 





471. Molecular Polarisability. The Conformations of cyclo- 
Heptanone and of Certain Other Cyclic Ketones. 


By (Mrs.) C. G. LE Févre, R. J. W. LE Févre, and 
B. PuURNACHANDRA RAo. 


Assumptions previously made in elucidating the structures of cyclo- 
pentanone, cyclohexanone, and (+)-camphor from molar Kerr constant 
data are now justified by the determination of the molecular anisotropies 
(10°,,8,") at infinite dilution in carbon tetrachloride. The values found 
are 31-1,, 11-6, and 39-8, respectively, and for cycloheptanone 27-0,. 
co(m/,) of cycloheptanone is 156-8 x 10°!" in carbon tetrachloride at 25°; 
The structure of this ketone is discussed. 


STEREOSTRUCTURES for cyclopentanone, cyclohexanone, and camphor were specified by 
Le Févre and Le Févre! in 1956. The supporting evidence in each case depended 
effectively on agreement between the values of },, b,, and }, (the three tensor components 
defining the polarisability ellipsoid of a molecule) derived from the experimental molar 


1 Le Févre and Le Févre, J., 1956, 3549. 
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Kerr constant, and those computed from a knowledge of the constituent link polarisabilities 
and stereochemistry of the appropriate 5- or 6-ring structure. In the deduction of 6, bg, 
and 6, from the expression mKexpt. = 2xN(0, + 6,)/9 (for expansions of 0,, 0,, etc., and 
definitions of other symbols, see ref. 2), however, there was no information on light 
scattering then available by means of which the small term 6, could be separated from 
the comparatively large 6,, and accordingly an estimate of 6, was made for each substance. 

The introduction by Le Févre and Purnachandra Rao? of a procedure whereby the 
molecular anisotropy, 8,”, of a solute can be determined at infinite dilution has changed the 
situation; 6, is easily accessible from 8,?, and a complete analysis of the results in ref. 1 
is now possible. The present paper deals with this matter and also extends the 
investigation to cycloheptanone. 


EXPERIMENTAL 


Materials.—cycloHeptanone (L. Light and Co. Ltd.) was dried (Na,SO,) and distilled, b. p. 
180°/760 mm. Other solutes were those used by Le Févre and Le Févre.! Carbon tetra- 
chloride (‘‘ sulphur free’’) was stored over calcium chloride, after fractionation through a 1 
metre column packed with glass helices. 

Apparatus and Methods.—Details have been given for depolarisation factors,? dielectric 
constants, electric double refractions,*> and extrapolation procedures and calculations.* 457 
Solutions were made up by weight and concentrations expressed as molar fractions for the 
depolarisation observations and as weight fractions for the others. Measurements are set out 
in Tables 1 and 2, in which symbols have the following meanings: f molar fraction, A depolaris- 


TABLE 1. Depolarisation factors of solutions in carbon tetrachloride.* 


cycloPentanone, D = —0-5435 t cycloHexanone, D = —0-6565 f 

105f, ... 1677 3407 6270 9043 11,850 14,997 2582 5283 8057 10,418 13,366 
107A,.... 4662 5-659 7-503 9-095 10-98 13-25 4-050 4-621 4990 5-594 6-124 
whence AA = 0-6216f, + 0-171f,? | whence AA = 0-2139/, — 0-116, 
and 3.2 = 31-13 x 10° | and 8,2 = 11-60 x 10° 

cycloHeptanone, D = —0-7111 t | (+)-Camphor, D = 0-9714 t¢ 
105f, ... 2672 4848 7062 9481 12,131 | 2589 4203 5664 7018 8518 
10°A,, ... 5-005 6-251 7-421 8-799 10-52 5-653 6-912 8-110 9-201 10-48 
whence AA = 0-5460/, + 0-272/,? whence AA = 0-8297f, — 0-1025f,? 
and 5,2 = 27-08 x 10° and 8,7 = 39:84 x 10% 


* A, = 0-0346 (from ref. 2). 
+t Disa density factor given by d,, = d, + Djs. 


TABLE 2. Kerr effects, dielectric polarisations, etc., for solutions of cycloheptanone 
in carbon tetrachloride.* 


10°w, 10°AB es a 10°w, 10°AB 10*An 
674 0-097 2-3402 1-57766 2007 0-259 4 
1024 0-141 2-3990 1-57409 2362 0-304 5 
1227 0-163 2-4331 1-57201 3253 0-419 7 
1444 0-196 2-4696 1-56980 4228 0-542 9 
whence 10°AB = 13-51w, — 17-7w,*, and § = 193-0; BAn/ Dw, = = 50-0211, and y = 0-014, 
LDAc/Sw, = 16-80; LAd/Sw, = —1-020,, and B = —0-644,. 


Therefore .,(mK,) = 156-8 x 107% and ,,P, = 233-4 c.c. 
* For w, = 0, B, = 0-070 x 107, mp* = 1-5475, e7® = 2-2270, di? = 1-58454. 


ation factor, 8,2 molecular anisotropy, w weight fraction, e dielectric constant, d density, AA, 
AB, and An the differences respectively of depolarisation factors, Kerr constants, and refractive 
indexes between solution and pure solvent. Suffixes 1, 2, or 12 indicate, in order, solvent, 


2 Le Févre and Purnachandra Rao, J., 1957, 3644. 

3? Buckingham, Chau, Freeman, Le Févre, Narayana Rao, and Tardif, J., 1956, 1405. 
4 Le Févre and Le Févre, Rev. Pure and Appl. Chem., 1955, 5, 261. 

5 Le Févre and Le Févre, J., 1953, 4041. 

® Le Févre, ‘‘ Dipole Moments,”’ Methuen, London, 3rd Edn., 1953. 

7 Harris, Le Févre, and Sullivan, J., 1953, 1622. 
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solute, or solution; 8 without a suffix denotes the constant in the equation for the Kerr effect 
of a solution, B,, = B,(1 + Sw.) and (cf. ref. 4, p. 283) is to be distinguished from §,? which is 
the “‘ molecular anisotropy ”’ of a solute; 6, and 6, are the ‘‘ anisotropy ” and “‘ dipole ’’ terms 
contained in the molar Kerr constant, ,,K; their suffixes have no reference to the components 
of a mixture. Polarisations, total, or electronic or distortion, molecular refractions, and dipole 
moments are represented conventionally by P or pP or pP, R, andy. Extrapolated values for 
solutes at infinite dilution are shown thus: ,P., .(m/K2), 52, etc. 


DIscussION 

Dipole Moment of cycloHeptanone.—The observed total polarisation (233-4 c.c.) at 
infinite dilution in carbon tetrachloride at 25° in conjunction with a distortion polarisation 
of 34-0 c.c. (i.e., 1-05Rp) corresponds to a dipole moment of 3-1,D. Such a result is in 
good agreement with the only value (3-1, D) previously recorded.8 The polarity of cyclo- 
heptanone is thus! 0-1 D greater than that of cyclopentanone and 0-02 p less than that of 
cyclohexanone, which among the cyclanones so far examined § exhibits the maximum 
moment. 

Anisotropy Terms.—These have been calculated (see Table 3) by the equation 

0, = (c0827)(d, + 52 + 03)°Q/45kT 

where Q = pP/zP, and T = absolute temperature; (b, + b, + 0,) is obtained from the 
electronic polarisation as 9(gP)/4nN. Le Févre and Le Févre,! lacking the depolarisation 
data now available, adopted 1 x 10 as an approximation for 6, for cyclopentanone, 
cyclohexanone, and camphor.. It is now clear that only in the last-named case was the 
assumed magnitude seriously incorrect; even so the effect on the estimations of b, and 
(b, + 5) is slight. 


TABLE 3. Calculation of anisotropy terms (8,) for four cyclic ketones. 


103, 5,? pP (c.c.) * rP (c.c.) 10*6, 
cycloPentanone —............s00008 31-13 24-48 22-79 t 1-31 
CYCIOTIGHANOME .....2..cccccccccesee 11-60 29-26 27-25 t 0-70 
cycloHeptanone ...........scss00. 27-08 33-98 31-62 + 2-22 
CPE esiciccccceccocsseses 39-84 46-20 43-74 ft 6-40 


* pP = 1-05Rp. f Calc. from refractivities given by Vogel.® + Cf. Wetterfors.’ 
Polarisability Ellipsoids.—Information requisite for the evaluation of these is in 
Table 4. The semi-axes obtained are in the three right-hand columns. 


TABLE 4. Calculation of semi-axes of the molecular polarisability ellipsoids for four 
cyclic ketones. 


1085 (0, + 6.) 1073 (b, + b, + bs) p (D) 105d, 1073, 103d, 
cycloPentanone ...... 35-11 * 2-694 * 3-02 * 0-99 1-03 0-67; 
cycloHexanone ...... 43-80 * 3-221 * 3-14 * 1-18, 1-12 0-91, 
cycloHeptanone ...... 37-29 t¢ 3-760 f 3-12 ¢ See text 
(+)-Camphor......... 27-36 * 5-201 * - 3-09 * 1-79 2-13 1-28, 


* From ref. 1. t+ From present measurements. 


For camphor, }, emerges as 1-79 x 10-3 and (b, + 6,) as 3-41; x 10°*3, in good accord 
with the earlier} estimates (involving a speculative 0,) of 1-80 x 10% and 3-40 x 10° 
c.c. respectively. 

On pp. 3552 and 3556 of ref. 1 equations are given for the three semi-axes of cyclo- 
pentanone and cyclohexanone in terms of the polarisabilities of the corresponding hydro- 
carbons, of the C-H link, and of the C=O bond. Regarding the last, only approximate 
magnitudes of the longitudinal, transverse, and “ vertical ”’ (see p. 300 of ref. 4) polarisabili- 
ties were available in 1956. However, consequent upon the determination of ,,8,? for 
acetone by Le Févre and Purnachandra Rao,? and the re-evaluation of the molecular 

8 Giinthard and Gaumann, Helv. Chim. Acta, 1951, 34, 39. 


® Vogel, J., 1938, 1323. 
10 Wetterfors, Z. Physik, 1922, 8, 229. 
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polarisability ellipsoid for this ketone, b,°=°, b:°=°; and by°=° can now be computed as 
0-230,;, 0-140,;, and 0-046 x 10° c.c. respectively. (The calculation is based on the 
trigonal structure of acetone reported by Allen, Bowen, Sutton, and Bastiansen.”) 

Insertion of these bond semi-axes into the equations mentioned a few lines above 
yields the following results: 


cycloPentanone cycloHexanone 
Calc. Obs. Calc. Obs. 
MES. inkuanne ieeiek seiieschnasenesbesanh 0-99 0-99 1-18 1-11, 
PTE diva ctntniresnnnnbiniconnmyiascomninen 0-98 1-03 1-13 1-12 
GPR, -bsenencncsntnaetmivoneeianascnaiaee 0-73 0-675 0-94 0-91, 


There is the possibility that the C=O group in acetone may not be electrically identical 
with those of the cyclic ketones. However, the agreement between prediction and 
measurement for cyclohexanone indicates that any such variation cannot be large, while 
the greater deviation between bg eaic. and bg obs, for cyclopentanone could arise from the 
fact that the 5-ring is slightly less non-planar than previously calculated by Le Févre and 
Le Févre.1_ This matter will be considered elsewhere. 

Conformation of cycloHeptanone.—A 7-membered ring cannot have a regular structure. 
There are however in the case of cycloheptanone two factors which must limit the number 
of possible configurations. These are (a) the mutual repulsions between the links attached 
to neighbouring carbon atoms, and (b) the tendency within the molecule to retain as 
tetrahedral the C-C-C angles. 

If, therefore, one denotes as C, the carbon atom which is part of the C=O dipole, and as 
C,-+++C, the remaining carbon atoms in the cycloheptanone ring, it is reasonable to assume 
that C,----C, with their associated bonds will lie in relation to one another as closely as 
is possible to those relative positions in which they lie in the “‘ chair ” form of cyclohexane. 

The number of possible stereoforms of cycloheptanone is then given by the number of 
ways in which C, can be interpolated into a “ chair” C,----C, ring system with the 
minimum relative disturbance of adjacent C-H dipoles. This can be illustrated by 
Catalin models. 

The representation commonly written (I) can be criticised because the pairs of C-H 
links at X and Y are not “ staggered.” Mirror-image forms being ignored, there appear 
to be two conformations derivable from (I) which satisfy the requirements (a) and (0). 
The first of these (A) is obtained by placing the C=O group at either X or Y, the second 
o (8B) by twisting XY anticlockwise, about a line through the mid- 

point of XY and the carbonyl carbon atom, and allowing con- 

sequential rotational readjustments of other carbon atoms to occur. 

The models so generated can be described as follows: in A, carbon 

atoms C,, C,, and C, and C;, C;, and C, lie in two parallel planes; 

in B, if carbon atoms 1, 2, and 7 define a basal plane, the heights 
of the remaining carbon atoms above this plane are in the order 4< 5 <3 < 6. 
For A, presuitant acts along one of the principal axes, and in the expression 


§= [(u,? = Ug”) (by ci bs) +> (" = Ug”) (b, _ bs) + (43" a” Uy”) (ds — b,))/45k*T? 


Uresultant = ¥, and p, = ps = 0. Accordingly, following the usual procedure, we should 
extract b, = 1-34,, b, = 1-45, and 6, = 0-97 x 10 from our measurements, while the 
corresponding quantities computed from link polarisabilities Would be 1-38, 1:32, and 
1-06, x 10-3 respectively. The disagreement between the found and calculated values 
of 6, and (particularly) 6, indicate that structure A is incorrect. In fact, if (resuitant lies 
along a principal axis, the smallest predictable b, would be 1-01 x 10-5, corresponding 
to a completely planar configuration for the molecule—an idea not seriously advanced. 
For B, because the precise position of C, with reference to the C,, Cy, C, and C;, C;, C, 
planes is not known, the magnitudes of y, v2, and us, cannot be calculated, and accordingly 
11 Allen, Bowen, Sutton, and Bastiansen, Trans. Faraday Soc., 1952, 48, 991. 
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it is not possible to evaluate b,, b,, and b, from the experimental observations and to 
confirm by computation. The results for cycloheptanone exclude a structure of type A, 
but cannot give a complete interpretation of one of type B. They will therefore have to 
be left in terms of 6, and 6, until further information concerning the molecule is forth- 
coming from other sources. It is perhaps relevant, and a point favouring B, that of 
structures A and B only the latter has C-H bonds on carbon atoms 3 and 6 appropriately 
directed for bridging by >NR to give the skeleton of the tropinones. 


The award by the Nuffield Foundation of a research scholarship to B. P. R. is gratefully 
acknowledged. 
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472. The Condensation of 1-Acetylcyclohexene with 2-Methylcyclo- 
hexanone. 


By Epwarp R. CLARK. 


1:2:3:4:5:6:7:8:9: 12: 13: 14-Dodecahydro-1-methyl-9-oxophen- 
anthrene (V; R = H, R’ = Me) has been obtained by condensing 2-methyl- 
cyclohexanone with l-acetylcyclohexene. The isomeric products formed by 
dimerisation of 1-acetylcyclohexene are shown to be 12-acetylperhydro-9-oxo- 
phenanthrene (IX) and perhydro-9-hydroxy-9 : 12-(2’-oxoethylene) phen- 
anthrene (XI). 


Rapson and RosBinson? prepared the hydrophenanthrene (I; R =H) by condensing 
l-acetylcyclohexene with cyclohexanone, but failed to obtain the angular methyl sub- 
stituted hydrochrysene (II) from l-acetylcyclohexene and 2-methyl-1-tetralone. Huber ? 
claimed to have obtained 1:2:3:4:5:6:7:8:10: 11: 12: 13-dodecahydro-12-methyl- 
10-oxophenanthrene (I; R = Me) from 1l-acetyl-2-methylcyclohexene and cyclohexanone 
by using potassium isopropoxide as the condensing agent. The product had a molecular 
extinction coefficient in ethereal solution of only ca. 2000 at 238 my. It did, however, 
yield phenanthrene, though in unspecified yield, on dehydrogenation by selenium. 


Me H 





Me 





a ° diy © au) ° (iv) © 


Then, in analogy with Huber’s work, structures (III) and (IV) were assigned respec- 
tively to the products of condensation of 1-acetyl-2-methylcyclohexene with perhydro-8- 
methylindan-4-one ° and é¢rans-1-decalone.* 

The condensations of 1-acetyl-2-methylcyclohexene with cyclohexanone in presence of 
potassium t-butoxide,® and with ¢vans-1-decalone ® in presence of potassium t-butoxide and 
aluminium t-butoxide, have been further investigated, the conclusion in both cases being 
that ring closure did not take place. Braude and Wheeler ? found that tricyclic ketones as 
well as bicyclic products, were formed when they repeated Turner and Voitle’s experiment; 

1 Rapson and Robinson, J., 1935, 1285. 

2 Huber, Ber., 1938, 71, 725. 

* Bagchi and Banerjee, J. Indian Chem. Soc., 1946, 23, 397. 

* Dimroth, Angew. Chem., 1947, 59, 215. 

5 Turner and Voitle, J. Amer. Chem. Soc., 1950, 72, 4166. 

6 
7 


Johnson, Szmuszkovicz, and Miller, ibid., p. 3726. 
Braude and Wheeler, J., 1955, 329. 
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they pointed out, however, that 1-acetyl-2-methylcyclohexene undergoes rapid prototropic 
isomerisation under the influence of metal alkoxides and that consequently the tricyclic 
material may consist of a mixture of prototropic and skeletal isomers of (I; R = Me). 
Their failure to obtain solid carbonyl derivatives and the light-absorption characteristics 
of their product were stated to be consistent with the formation of such a mixture. 


i a ae ato 


(V1) Me wip (VIII) 


Despite pa si Robinson’s failure to condense l-acetylcyclohexene with 2-methyl- 
1-tetralone the condensation between acetylcyclohexene and 2-methylcyclohexanone has 
been investigated as a possible route to hydrophenanthrenes having an angular methyl 
substituent. 2-Methylcyclohexene-1 : 3-dione failed to condense with acetylcyclohexene 
in the presence of sodium methoxide in ether or sodium ethoxide in alcohol. 

Condensation of 2-methylcyclohexanone with l-acetylcyclohexene can theoretically 
yield two isomers. Michael addition involving position 2 of the 2-methylcyclohexanone, 
followed by aldol condensation, would yield 1:2:3:4:5:6:7:8:9:12:13: 14-dodeca- 
hydro-12-methyl-9-oxophenanthrene (V; R= Me, R’ =H), while Michael addition 
involving position 6, followed by aldol condensation would yield the isomeric 1-methyl 
compound (V; R=H, R’=Me). du Feu and Robinson,’ however, showed that 4- 
chlorobutan-2-one and 4-diethylaminobutan-2-one methiodide condense with 2-methyl- 
cyclohexanone at position 2, to yield 1:2:3:5:6:7: 8: 9-octahydro-9-methyl-3-oxo- 
naphthalene. Since the Mannich base methiodide is a source, in situ, of methyl vinyl ketone, 
there was reason to believe that 1-acetylcyclohexene would condense similarly to yield the 
angular methylated phenanthrene (V; R = Me, R’=H). Use of sodamide as condens- 
ing agent gave a solid and two oily fractions. The lower-boiling oil, in alcoholic solution, 
showed maximum absorption at 240 my (E{%, 480), in accord with its formulation as an 
«8-unsaturated ketone. After several weeks in the refrigerator a crystalline isomer 
separated, which had infrared bands at 1667 and 1616 cm.-, characteristic of the «f- 
unsaturated ketone group. A band at 871 cm.* is analogous to that found in A®-7-keto- 
steroids. Reduction with lithium aluminium hydride, but not with sodium borohydride, 
yielded the corresponding allylic alcohol. The crude product from the borohydride 
reduction, in cyclohexane solution, showed a peak of absorption at 239 my (the original 
«8-unsaturated ketone had Amsx, 231 my in cyclohexane), suggesting that it was the hetero- 
annular diene (VI) and not the angular methylated isomer which would be expected 
to have Amx 234 my. Selenium dehydrogenation yielded 1-methylphenanthrene, 
in accord with this formulation. The crystalline «f$-unsaturated ketone is therefore 
1:2:3:4:5:6:7:8:9:12: 13: 14-dodecahydro-1-methyl-9-oxophenanthrene (V; 
R = H, R’ = Me), and the product of reduction with lithium aluminium hydride is the 
alcohol (VII). 

Recrystallisation of the solid fraction obtained on distillation yielded two compounds, 
m. p. 85—85-5° (A) and 131—132-5° (B) respectively. A further quantity of substance 
(B) separated from the higher-boiling oil. Compound (A) 0 Miss 284 my (ce 23,000) in 
ethanol] proved to be the dienone (VIII) previously isolated by Jones and Koch" from 
the products of self-condensation of 1-acetylcyclohexene. Two further crystalline com- 
pounds, m. p. 130° and 205° respectively, were obtained by Jones and Koch, who suggested 

8 du Feu and Robinson, J., 1937, 53. 

® Dobriner, Katzenellenbogen, and Jones, ‘‘ Infra-red Absorption Spectra of Steroids,” Interscience 
Publishers Inc., New York, 1953, p. xiv. 


10 Gillam and Stern, ‘‘ Electronic Absorption Spectroscopy, Arnold, London, 1957, p. 232. 
11 Jones and Koch, J., 1942, 393. 
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that they were stereoisomers of the diketone (IX) [Rapson and Robinson * had previously 
suggested the structure (X)]. Compound B gave a monoxime, m. p. 258—269°, while 
Jones and Koch reported 250° (decomp.) and 251° for the melting points of the monoximes 
derived from the supposed stereoisomers (IX). The infrared spectrum of compound B 


Ac Ac 
Crook) OC 
oO 
(X) 


(IX) (XI) 
showed bands at 3460 (OH), and 1701 cm. (C=O), and that of its oxime bands at 3401 
(CO-H), 3226 (NO-H), and 1664 cm. (C=N), demonstrating that compound B is a hydroxy- 
ketone. The absence of absorption at 1360—1370 cm.", and the failure to eliminate 
water when the substance is heated with sodium methoxide in benzene, support the 
structure (XI) for substance B. 

The self-condensation of l-acetylcyclohexene was carried out under the conditions 
described by Jones and Koch," and the supposed saturated diketones were isolated. The 
lower-melting material was identical with compound B. The infrared spectrum of the 
higher-melting isomer showed, besides the band at 1695 cm. (C=O), a triple peak at 1370, 
1361, 1352 cm.*, which is absent from the spectrum of the hydroxy-ketone (XI), and is 
attributed to the methyl ketone structure. The oxime showed absorption bands at 3215 
(NO-H), 1695 (C=O), and 1667 cm. (C=N), supporting the diketonic structure (IX) for 
this isomer. 





“OH 


EXPERIMENTAL 

Condensation of 1-Acetylcyclohexene and 2-Methylcyclohexanone.—2-Methylcyclohexanone 
(24-5 g.) in dry benzene (50 c.c.) was added, with stirring, to a heated suspension of sodamide 
(from 5-75 g. of sodium) in dry benzene (250 c.c.), in an atmosphere of nitrogen. Heating was 
continued until no more ammonia was given off. The resulting suspension was cooled in ice, 
and l-acetylcyclohexene (31 g.) in dry benzene (50 c.c.) added with stirring which was continued 
at room temperature for 2 days and then on the steam-bath for l hr. The cooled mixture was 
poured into iced water, the benzene layer separated, and the aqueous layer extracted with 
benzene. The combined benzene solution and extracts were washed with dilute sulphuric acid 
and water, and dried (Na,SO,). Distillation yielded three fractions: (a) (5 g.), b. p. 103— 
106°/0-05 mm., Amax. 240 mp (E}%,, 480) in ethanol (Found: C, 81-95; H, 10-2%), (b) (6-75 g.), 
b. p. 133—135°/0-05 mm., Amax, 241 (E1%,, 190), 285 my (£}%, 220), (c) an oil which mostly 
solidified in the receiver, b. p. 137—140/0-05 mm. (8-15 g.). 

Fraction (a) partly crystallised at 0° during several weeks. Repeated recrystallisation from 
light petroleum (b. p. 60—80°) gave prisms of 1: 2:3:4:5:6:7:8:9:12:13: 14-dodecahydro- 
1-methyl-9-oxophenanthrene (0-75 g.), m. p. 80-5—81-5°, Amax, 239 my (e 13,780) in ethanol (Found: 
C, 82:3; H, 10-3. C,;H,,O requires C, 82-6; H, 10-1%), vax, (Nujol mull) 1667s, 1616w cm."}. 

Fraction (b) also crystallised partly at 0°. Recrystallisation from light petroleum (b. p. 
100—120°) gave needles of perhydro-9-hydroxy-9 : 12-(2’-oxoethylene) phenanthrene (0-95 g.), m. p. 
131—132-5° (Found: C, 77-6; H, 10-1. C,,H,,O, requires C, 77-5; H, 9°7%), Vmax, (Nujol mull) : 
3460m, 1701s cm.4._ This yielded an oxime, m. p. 258—259° (decomp.) (Found: C, 72-85; H, 
9-5; N, 5:36. C,,H,,O,N requires C, 73-1; H, 9-52; N, 5:33%), vmax, (Nujol mull) 3401m, 
3226m, 1664w cm.*!. 

The solid material from fraction (c) recrystallised from 80% methanol, yielding 3-cyclohex-1’- 
enyl-1:4:5:6:7:8:9: 10-octahydro-l-oxonaphthalene (0-7 g.), m. p. 85—85-5°, Amax, 284 my 
(e 23,000) in ethanol (Found: C, 83-2; H, 9-4. Calc. for C,,H,,.O: C, 83-5; H, 9-6%). On 
microhydrogenation (Pd-C) 11:7 mg. absorbed 2-30 c.c. (2 mols. = 2-24 c.c.). The solid 
material, obtained on evaporation of the mother-liquors, recrystallised from light petroleum 
(b. p. 100—120°), yielding perhydro-9-hydroxy-9 : 12-(2’-oxoethylene)phenanthrene (0-87 g.), 
m. p. and mixed m. p. 130—132°. 

1:2:3:4:5:6:7:8:9:12:13: 14-Dodecahydro-9 -hydroxy -1-methylphenanthrene.—The 
corresponding ketone (0-6 g.) was added in dry ether (20 c.c.) during 10 min., with stirring, to 
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lithium aluminium hydride (0-1 g.) in dry ether (20 c.c.). The mixture was stirred at room 
temperature for 90 min. and then on the steam-bath for 30 min., the excess of hydride destroyed 
with wet ether, and dilute sulphuric acid was added. The ethereal layer was separated, the 
aqueous layer was extracted with ether, and the combined ethereal solution and extracts were 
washed with water, sodium hydrogen carbonate solution, and water, and dried (MgSQ,). 
Evaporation of the ether gave 0-56 g. of solid. Recrystallisation from ethylene dichloride 
yielded 1:2:3:4:5:6:7:8:9: 12:13: 14-dodecahydro-9-hydroxy-1-methylphenanthrene, 
m. p. 113—113-5° (Found: C, 81-4; H, 10-6. C,;H,,O requires C, 81-8; H, 10-9%), vmax, 
(Nujol mull) 3268—3344s, 1669w cm.*. 

Conversion of the Ketone (V; R =H, R’ = Me) into 1-Methylphenanthrene.—Sodium boro- 
hydride (0-19 g.), dissolved in water (2 c.c.) and methanol (15 c.c.), was added to the ketone 
(0-218 g.) in ether (5 c.c.) and methanol (25 c.c.), and the mixture stirred at room temperature 
for 4hr.; then a further 50 mg. of sodium borohydride were added. Stirring was continued at 
room temperature overnight and then for 2 hr. on the steam-bath. Ether was added to the 
cooled solution followed by excess of 0-5N-hydrochloric acid. The aqueous layer was separated 
and extracted with ether, and the combined ethereal solutions were washed with 0-5N-hydro- 
chloric acid and water, and dried (MgSO,). Evaporation of the ether gave 0-205 g. of a semi- 
solid material, Amax 239 my (E}%, 76) in cyclohexane. The infrared spectrum for a carbon 
tetrachloride solution demonstrated the absence of OH and C=O groups. The crude reduction 
product (0-196 g.) was heated with selenium at 220—230° for 1 hr., the temperature then 
raised to 330° during 1 hr. and kept thereat for 16 hr. The crystalline material (70 mg.) which 
had sublimed into the bottom of the air-condenser was recrystallised from 96% ethyl alcohol, 
yielding 1-methylphenanthrene, m. p. 120-5—121° (picrate, m. p. 137—137-5°). 

Self-condensation of 1-Acetylcyclohexene.—1-Acetylcyclohexene (22 g.) was treated with 
sodamide under the conditions described by Jones and Koch," yielding (a) 12-acetylperhydro-9- 
oxophenanthrene (0-7 g.), m. p. 205—206° (Found: C, 77-5; H, 9-6. Calc. for C,,H,,O,: C, 
77-4; H, 9-7%), Vmax. (nexachlorobutadiene mull) 1692s, 1370m, 1361m, 1352m [oxime, m. p. 
251—253° (decomp.) (Found: C, 72-7; H, 9-35; N, 5-45. Calc. for C,,H,,O,N: C, 73-1; H, 
9-52; N, 5:3%), vmax. (Nujol mull) 3215m, 1695s, 1667w cm.~1] and (b) perhydro-9-hydroxy-9 : 12- 
(2’-oxoethylene) phenanthrene (4-25 g.), m. p. and mixed m. p. 131—132-5° (Found: C, 77-35; 
H, 9-6%) [oxime, m. p. 258—259° (decomp.) (Found: C, 72-95; H, 9-5; N, 5-65%)]. 


DEPARTMENTS OF PHARMACOLOGY AND ORGANIC CHEMISTRY, 
UNIVERSITY OF LEEDs. [Received, December 3rd, 1958.] 





473. Kinetics and Equilibria in Copper(11)-Cyanide Solutions. 
By J. H. BAxeNDALE and D. T. Westcott. 


The equilibria concerned in the formation of Cu(CN),?~ and Cu(CN,)*~ 
have been investigated, and the formation constants obtained spectro- 
scopically. 

The formation of these copper(1) cyanides in aqueous solution from 
copper(11) and CN™ is found to be an eighth-order reaction—second order in 
copper(11) and sixth order in cyanide. The simplest interpretation is that 
the equilibrium concentration of Cu(CN),~ is rapidly established from 
copper(11) and CN~. This species then reacts bimolecularly to give Cu(CN),~ 
and (CN),. However, mechanisms involving other complex copper(I!) 
cyanides can account for the observations equally well. 


THE oxidation of iodide + and thiocyanate ? ions by iron(II) proceeds via the analogous 

intermediates I,~ and (SCN),~ and involves the ion pairs Fe®tI- and Fe**SCN-. The 

corresponding oxidation of iodide by copper(I!) is more complex * because of heterogeneous 

catalysis by solid cuprous iodide. A similar situation exists in the formation of diacetylenes 
1 Fudge and Sykes, J., 1952, 119. 


2 Betts and Dainton, J. Amer. Chem. Soc., 1953, '75, 5721. 
8 Kemp and Rohwer, J. S. African Chem. Inst., 1956, 9, 12. 
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from monoacetylenes in the presence of copper salts, where the basic reaction is * the oxid- 
ation of the monoacetylene by copper(II) which is autocatalysed by the copper(I) mono- 
acetylide simultaneously formed. On the other hand, for the oxidation of cyanide to 
cyanogen in concentrated ammonia solutions, where the copper(!!) is present as the ammines 
and the reaction is homogeneous, Duke and Courtney 5 found a reaction rate of first order 
in copper(I) and fourth in CN~-, from which they concluded that the slow step involves the 
species Cu(CN),?-. However, these kinetics could be accounted for equally well in other 
ways, ¢.g., by the bimolecular reaction 


Cu(CN),~ -+ CN —— Cu(CN),*~ + CN 
or —? Cu(CN),~ + (CN).~ 


Irrespective of the details, however, it appears that, since only one copper(II) atom is 
concerned in the slow step, a radical or radical ion must be formed as an intermediate. 

We have studied the reaction in the absence of ammonia, using very dilute solutions, 
and have been led to investigate the equilibria in Cu(1) cyanide solutions. 


Experimental.—The copper sulphate, potassium cyanide, sodium acetate, and acetic acid 
used were of analytical grade. Tripotassium cuprocyanide was prepared by Bassett and 
Corbet’s * method and recrystallised from aqueous alcohol. The equilibria and kinetics were 
studied by mixing the required solutions at 25° and measuring their absorptions in 1, 5, or 10 
cm. cells held at 25° in the Beckman spectrophotometer. 


RESULTS AND DISCUSSION 

Equilibria.—In dilute solutions (ca. 10 um) copper(I) reacts rapidly with CN~- to give 
products, presumably copper(I) cyanides, which absorb appreciably in the region 220— 
250 mu. The increase in absorption affords a convenient method of following the reaction 
at high dilutions. However, the spectrum of the products is a function of the cyanide 
concentration even when in large excess over copper(II), and also varies with dilution. 
The spectra of solutions of CuCl -++- CN~ and of K,Cu(CN), ++ CN~ are similar to those of 
the products and they show similar variations—probably owing to the species Cu(CN),~, 
Cu(CN),?-, and Cu(CN),°~ which infrared 7 and E.M.F.§ measurements have shown to be 
present. 

Fig. 1 shows how the spectrum of K,Cu(CN), solutions changes with concentration. 
At 3uM and 6ymM there is a maximum at 234 my which shifts to longer wavelengths when the 
solution is made 0-01N in potassium hydroxide. A similar shift occurs as the concen- 
tration of K,Cu(CN), increases and also (not shown in Fig. 1) when CN~ is added. The 
effect is no doubt due to the increase in free cyanide ion in each case, for the alkali reverses 
the hydrolysis of the cyanide ion which occurs appreciably at these concentrations. At 
higher K,Cu(CN), concentrations the spectrum approaches a limiting form with a maxi- 
mum at 239 my, which is unaffected by CN~ up to about 10° (Fig. 1, B and Fig. 2, B). 
Increases of CN~ beyond this cause changes in the reverse direction as shown in Fig. 2. 

From what is known about this system *® it is reasonable to suppose that the effects 
arise from the changes in the species concerned in the equilibria: 

K, 
COGN + ON 2 ns te ie + 
K, 


Cu(CN),*- + CN- SP CuCN) P= ww ee ee te ee 


On this basis the spectrum at low CN~ concentrations corresponds to that of Cu(CN),~ 
(Fig. 1, A). This passes to that of Cu(CN),*- with increasing CN~ (Fig. 1, B; Fig. 2, B), 


* Baxendale and Westcott, unpublished work. 

Duke and Courtney, J]. Phys. Chem., 1952, 56, 19. 
Bassett and Corbet, /., 1924, 125, 1660. 

Penneman and Jones, J. Chem. Phys., 1956, 24, 293. 
Kunschert, Z, anorg. Chem., 1904, 41, 359, 
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and with further increases moves towards that of Cu(CN),°-, although the latter is not 
attained at the concentrations used. Quantitative analysis of the spectra confirms this. 
If we assume equilibrium (1) to be responsible for the changes shown in Fig. 1, then the 
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Fic. 1. Change in absorption of 
K,Cu(CN), with concentration 
(given in pM). Curve B was un- 
changed when 1-2 x 10-°mM-CN- + 
0-1N-KOH were present. All other 
solutions except those giving curve 
A contained 0-01N-KOH. 
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amount of Cu(CN),?~ present when the concentration of K,Cu(CN), is initially c is given by 
[Cu(CN)3?"] = c(e — €3)/(es3 — &9) 


where ¢ is the absorption coefficient of the solution, e, and ¢, those for Cu(CN),~ and 
Cu(CN),?~, all measured at the same wavelength. The calculated values of K, from this 
by using the data at 239 my are given in the Table and are reasonably consistent. 
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Equilibrium constant for the reaction Cu(CN),~ + CN- ——> Cu(CN),?-. 
(Data from Fig. 1.) 
Total Cul (um) 10-eg9) ~ (CN),2- (%) 10K, Total Cu™ (um) 10g, (CN),2- (%) 10K, 


3-0 9-4 48 2-0 8-9 10-5 72 2-2 
4-2 9-85 58 2-3 14-9 10-9 80-5 2:3 
6-0 10-1 63 2-1 35-7 11-8 100 _— 


Similarly, for the spectra of Fig. 2 it is easily shown that if equilibrium (2) is responsible 
for the variations, then we should have 


bl(e — €3) = (6 + 1/K,)/(&q —.¢3) 


where 6 = [CN~] and ¢ is the absorption coefficient of Cu(CN),3-. Hence a plot of 
b/(¢ — €3) against 6 should be linear, as is found (Fig. 3). This line gives K, = 55, and 
the Table gives K, = 2-2 x 10°. Using infrared absorption with concentrations higher by 
a factor of 10* than those used here, Penneman and Jones? obtained K, = 4 x 104 and 
K, = 131 in terms of concentrations at 29°. In terms of activities they estimated K, = 39 
and K, = 2-4 x 104. 


Fic. 4. Second-order plots for reaction of copper(tt) with 
cyanide ion at pH 5-05 for various values of [CN-]: a, 
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Kinetics.—Preliminary experiments showed that Cu®* and CN~- at concentrations ca. 
10 um react completely within the time required to measure the absorption of the mixture. 
The reaction is much slower in acid solutions and very sensitive to acid and cyanide con- 
centrations. Convenient reaction times were obtained at about pH 4-7 with ca. 10°m- 
copper(II) and 10%m-cyanide. Buffers were made up with 0-0lMm-sodium acetate and 
acetic acid to give pH 4-75 and 5-05. Perchloric acid was added in equimolar amounts 
to the potassium cyanide to avoid changes in pH due to the latter. 

In these conditions the final product has maximum absorption at 234 my and is there- 
fore in the form Cu(CN),~. The reaction was followed by measuring the absorption at 
this wavelength, and the amount of copper(II) present calculated from this and the absorp- 
tion of the final products. Fig. 4 shows that at pH 5-05 with cyanide in large excess, 
good second-order plots in copper(II) are obtained, 7.e., 


— d[Cu™)/d¢ = k,[Cu™]? 
At the same cyanide concentration a five-fold increase in initial copper(II) gave the same 


value of k,. The latter was also unaffected by the presence or absence of air, or by the 
presence of the products of a previous reaction. 
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Reactions at pH 4-75 are also of second order in copper(m). Fig. 5 shows that A, is 
proportional to [cyanide] ® at both pH’s, 2.e., 
— d[Cu™]/dt = k,[Cu™]?[cyanide] ® 


where k, is the slope of the lines in Fig. 5 and increases with pH. 
At these pH’s the cyanide will be present almost entirely as HCN, and it seems probable 
that pH affects the rate via the equilibrium 


Ka 
HCN < > Ht + CN- 


because the cyanide reacts in the CN~ form. In this case, since Kg = 10°, we would 
expect k, to vary as 1/[H*]®, which is approximately true for the two pH’s in Fig. 5. 
Hence the overall rate equation 


— d[Cu®*]/dt = k,[Cu®*][CN-]6 


would account for the experimental observations. 
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This very high order in CN~ probably arises because the reacting species in the rate- 
determining step are present in equilibrium with Cu?* and CN-. Thus, suppose the slow 
step is 
2Cu(CN);~ ——B> 2Cu(CN),~ + (CN)s 
and Cu(CN),~ is formed via the rapidly established equilibria 
Cut + CN~ > CuCNt 


CuCNt + CN > Cu(CN)s 


Cu(CN), + CN~ > Cu(CN)3~ 
Then 


[Cu(CN)3~] = K,[Cu**][(CN-}* 


and the observed rate equation would follow provided that only a small fraction of the 
copper(II) is present in the form of complex ions. : 

However, if we assume that the extent of complex-ion formation is small, the same 
kinetics would be given if the slow step involved any two ions having between them a 
total of six CN~, e.g., Cu(CN), and Cu(CN),?-. This does not exhaust the possibilities, for 
if the copper(I) is present predominantly as one of the lower complex ions, say CuCN*, 
then reaction between two Cu(CN),?~ or between Cu(CN)* and Cu(CN),*~ would give the 
same kinetics. 
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474. The Heats and Entropies of Ionisation of Some Aromatic 
and N-Heteroaromatic Amines. 


By J. J. Extiotr and S. F. Mason. 


The ionisation constants of a series of unsubstituted polycyclic aromatic 
amines have been measured at 0° and 20° in 50% ethanol—water solution, and 
those of a series of N-heteroaromatic amines at 5° and 35° in water, entropies 
and enthalpies of ionisation being calculated. The variation in the ionisation 
constants of the aromatic amines is due equally to the entropy and the 
enthalpy factor, whilst the variation in the N-heteroaromatic series is due 
primarily to enthalpy changes. The dissociation entropies of the conjugate 
acids of the peri-aromatic amines are larger than those of the unhindered 
isomers, which in turn have larger values than those of the N-heteroaromatic 
amines. These results are discussed in relation to the solvation of the amine 
cations and the z-electron energy changes accompanying their dissociation. 


THE relative free energies of ionisation of aromatic ! and N-heteroaromatic 2 amines have 
been related to the x-electron energy change accompanying the protonation of a nitrogen 
atom. Such changes are internal energy terms, which, strictly, would govern the relative 
ionisation constants of a series of amines only in the vapour phase at 0° k, and only if 
steric factors and o-bond energy changes resulting from the protonation of a nitrogen atom 
did not vary in the series. However, it has been shown,** from the frequencies and 
intensities of the N-H stretching vibration absorption bands, that conjugation between 
the amino-group and the nucleus is sterically hindered in the feri- and meso-aromatic and 
N-heteroaromatic amines, and that the hybridisation ratio of the nitrogen orbitals of the 
N-H bonds varies in both series of amines, particularly in the latter. In order to assess 
the relative importance of x and o bond energy changes, and steric and solvation effects, 
accompanying the protonation of a nitrogen atom in determining the relative ionisation 
constants of a series of amines in solution at ordinary temperatures, the enthalpies and 
entropies of ionisation of a number of amines have now been obtained. The ionisation 
constants of a series of unsubstituted polycyclic aromatic amines have been measured at 0° 
and 20° in 50% ethanol—water solution (Table 1), and those of a series of N-heteroaromatic 
amines at 5° and 35° in water (Table 2). Calculated enthalpies and entropies of ionisation 
are shown. 

The dissociation of the conjugate acids of the aromatic amines is governed equally by 
the entropy (JAS) and the enthalpy factor (AH) at room temperature in aqueous ethanol, 
both AH and TAS varying by some 2 kcal./mole in the series covered (Table 1). The 
entropy and enthalpy changes mutually compensate to some degree in the series, the more 
endothermic dissociations being accompanied by the larger entropy changes, so that the 
free energies of ionisation cover a smaller range (1-7 kcal./mole) than either AH or TAS. The 
dissociation entropies of the conjugate acids of the aromatic amines fall into two main 
groups, TAS being +0-4 kcal./mole for the unhindered amines and 0-9—1-7 kcal./mole 
for the hindered amines, except for 3-aminopyrene where the entropy of ionisation is zero 
(Table 1). 

The positions and intensities of the N-H stretching vibration absorption bands of 
3-aminopyrene suggest * that this amine is less hindered than the other peri-amines, and 
the rates of solvolysis of 3-pyrenylmethyl chloride indicate ® that the carbonium-ion 

1 Hush, J., 1953, 684. 

® Longuet-Higgins, J]. Chem. Phys., 1950, 18, 275. 

% Mason, J., 1958, 3619. 

* Elliott and Mason, J., 1959, 1275. 

5 Mason, J., 1959, 1281. 


* Fierens, Hannaert, Mysselberge, and Martin, Helv. Chim. Acta, 1955, 38, 2009; Dewar and 
Sampson, /J., 1956, 2789; 1957, 2946, 2952. 
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transition state, structurally similar to the corresponding amine, is less hindered than that 
of the other feri-arylmethyl chlorides. The reduction of steric hindrance between the 
peri-CH and amino-groups in 3-aminopyrene is probably because the C-C bonds separating 
the peri-positions in pyrene’? are longer than the corresponding bonds in other aromatic 
hydrocarbons, notably naphthalene § and anthracene.® 

The smaller dissociation entropy of the conjugate acids of the unhindered aromatic 


— 
amines may be due to the loss of the rotational entropy of the -NH, group when a proton 
is lost and the amino-group conjugates with the aromatic nucleus, so that it cannot rotate 
freely about the C-N bond. In the hindered amines the rotation of the amino-group is 


TABLE 1. The pK, values of some polycyclic aromatic amines in 50% (v/v) ethanol—water at 
0-2° and 20-0° +. 0-1°, the enthalpies (AH) and entropies (AS) of dissociation of the conjugate 
acids of the amines, the H-N-H bond angle (0), the charge density at the exocyclic position 
of the corresponding carbanion, qz, and the extra delocalisation energy of that carbanion, 
Epp. 


AH 4 AS *¢ 
No Compound pK, (20°) * pK, (0-2°)* (kcal./mole) (e.u.) of qx? Epp * 
Unhindered 
1 Aniline 4-19 4-51 5-9 10 111-1° 1-572 0-722 
2 m-Aminodiphenyl 3-82 4-10 5-2 0-2 111-9 1-572 0-718 
3 p-Aminodiphenyl 3-81 4-11 5-6 15 8112-1 1516 0-756 
4 2-Aminofluorene 4-21 4-52 5-7 0-3 111-9 1-516 0-756 
5 2-Naphthylamine 3°77 4-03 4-8 —0-9 1116 1-529 0-744 
6 2-Phenanthrylamine 3°60 3-84 4-4 —1:3 111-4 1-543 0-736 
7 3-Phenanthrylamine 3-59 3-83 4-4 —13 112-4 1510 0-754 
8 2-Anthrylamine 3-40° 112-7 1-471 0-770 
Hindered 
9 o-Aminodiphenyl 3-03 3°34 5-7 5-2 113-0 1-516 0-767 
pert 
10 1-Naphthylamine 3-40 3°72 5-9 46 1103 1-450 0-812 
11 1-Phenanthrylamine 3-23 3-53 5-6 4:2 110-0 1-463 0-802 
12 9-Phenanthrylamine 3-19 3-49 5-6 4:3 109-8 1-446 0-812 
13 1-Anthrylamine 3-22 3-50 5-2 2-9 110-6 1-381 0-848 
14 3-Aminopyrene 2-91 3-12 3-9 —01 110-8 1-364 0-866 
meso 
15 9-Anthrylamine 2-7%¢ 109-4 1-286 0-951 


¢ +0-01-unit of pK for the values obtained by titration. Insufficiently soluble: determined 
spectrophotometrically. * Some decomposition with acid. * +0-3 kcal./mole. * +1-0 e.u. 
J Quoted from ref. (4). % Calculated by the method of ref. (2). * Calculated by Hiickel’s method. 


inhibited by a feri- or an ortho-CH group in both the neutral molecule and the cation, and 
changes of internal rotation do not contribute to the entropy of ionisation. In both the 
unhindered and the eri-series of aromatic amines the dissociation entropy of the conjugate 
acid falls as the number of condensed rings in the nucleus increases (Table 1), probably 
owing to a decrease in the solvation of the amine cation with the increase in molecular size. 

The free energy of ionisation of the polycyclic aromatic amines appears to be related to 
the x-electron energy change resulting from the protonation of the nitrogen atom (Fig. 1) 
in spite of the wide variation of the entropy factor in the series studied. Measures of the 
n-electron energy change due to cation formation in an aromatic, amine are provided by 
the charge density at the exocyclic position of the corresponding carbanion (gz) or by the 
resonance energy due to the delocalisation of electrons from the exocyclic position of the 
corresponding carbanion over the aromatic nucleus (Ep6“). These quantities are related 
empirically over the range of compounds studied (Table 1) by the expression 


Epp? = —0-8g,+ constant . . .... . (i) 


? Robertson and White, J., 1947, 358. 
8 Ahmed and Cruikshank, Acta Cryst., 1952, 5, 852. 
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for the greater the delocalisation of the exocyclic x-electrons, the larger is EpB and the 
smaller is gz. A form of eqn. (1) given previously * is less precise, owing to the use of an 
inexact value ® for the delocalisation energy of the 9-anthrylmethy] ion. 

When the conjugate acid of an aromatic amine dissociates, the lone-pair electrons of 
the liberated amino-group are delocalised over the aromatic nucleus, lowering the energy 
of the molecule by Ep, and the z-electrons as a whole move in the field of the nitrogen atom, 
affording a further stabilisation of g,A«y, where Aay is the increment in the Coulomb 
integral of a nitrogen atom relative toa carbon atom. The total x-electron energy change 
due to the dissociation of an aromatic amine cation (AE,) may be expressed in terms of a 
single variable } by means of eqn. (2), where c is the fractional ‘‘” character of the lone- 


AE, = cq:(Aay — 0°88) + constant . . . . . . (2) 


pair orbital of the nitrogen atom, and 8 is the resonance integral which may be assumed to 
be 12:10 about —20 kcal./mole for both C-C and C-N bonds. 

If the x-electron energy change, AE,, is the major variable governing the relative free 
energies of ionisation of the polycyclic aromatic amines, a linear relation between pK, of 
the amines measured under standard conditions and the charge density of the correspond- 
ing carbanion, g,, should be observed. Such a relation holds approximately (Fig. 1), but 
the slope of the line is not the theoretical value. The H-N-H bond angles of the aromatic 
amines have values * close to, but slightly larger than, the tetrahedral value (Table 1), so 
that the coefficient, c, probably has an average value of about 0-7. The gradient (dAG/dq-) 
of the relation of Fig. 1 has a value of 7-5 kcal./mole, from which A«y has the apparent 
value of 0-256. A variety of evidence suggests 4 that Aay is about 0-68, indicating that 
the ionisation constants of the polycyclic aromatic amines decrease with g, more rapidly 
than required by eqn. (2) on the assumption that AE, is the major variable governing the 
relative free energies of ionisation of the amines. A value of 0-658 for Aay has 
been derived 1 from the relation between qg, and the ionisation constants of the mono- and 
di-cyclic and one tricyclic aromatic amines in aqueous solution at temperatures in the 
range 17—25°, but an imprecise form of equation (2) was employed and it was assumed 
that the coefficient, c, was unity. 

It is perhaps accidental that the relation between the ionisation constants of the 
aromatic amines and the charge densities, g, (Fig. 1), is common to both the feri- and the 
unhindered series of amines. Thus the conjugate acids of aniline and 1-naphthylamine 
have the same heat of dissociation (Table 1), for steric hindrance to conjugation between 
the amino-group and the nucleus reduces the intrinsically greater z-electron energy of the 
latter amine. However, the l-naphthylammonium cation has a larger entropy of dissoci- 
ation than the anilinium cation (Table 1), so that the former is the stronger acid. The 
fairly exact compensation between the enthalpy and entropy factors in the dissociation of 
the conjugate acids of the peri-series of amines, shown by Fig. 1, may be fortuitous, as the 
compensation is not at all exact in the case of the more grossly hindered 2-aminodiphenyl 
(Table 1, Fig. 1). 

Amongst the aromatic amines studied there are a number of pairs of compounds with 
the same or nearly the same charge density, g,. In each case it is the larger amine of the 
pair which is the weaker base (compounds 1 and 2; 3and 7; 5and6; 10and 12; Table 1), 
suggesting that the pK, value of an aromatic amine falls as the number of conjugated or 
condensed rings in the nucleus increases, irrespective of the value of the charge density, q-. 
In general, the smaller values of g, are confined to the larger polycyclic systems, so that the 
corresponding amines have a weakened basic strength both because of their size and 
because of their g, value, thus qualitatively accounting for the observed slope of the 
relation between pK, and q, (Fig. 1) which is larger than required by equation (2) on the 

® Syrkin and Diatkina, Acta Physicochim. U.R.S.S., 1946, 21, 23, 641. 


10 Coulson, ‘‘ Valence,” Oxford Univ. Press, 1952. 
11 Mason, J., 1958, 674. 
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assumption that AE, is the main variable determining the relative basicities of the aromatic 
amines. The fall in the basic strength of the aromatic amines with increasing size is 
probably due to the smaller solvation of the cations of the larger amines, since, of each pair 
of amines with the same or nearly the same charge density, it is the conjugate acid of the 
larger amine which has the smaller entropy of dissociation and the less endothermic heat 
of dissociation (Table 1). 

In the unhindered and in the peri-series of aromatic amines the H-N-H bond angle 
increases as g, falls (Table 1), suggesting that both the “ p” character of the lone-pair 
orbital and the “ s ” character of the N-H bonds increase as g, decreases. The larger the 
““»” character of the lone-pair orbital of the nitrogen atom the more extensive becomes 
the delocalisation of the lone-pair electrons over the aromatic nucleus, and the larger is the 
lowering of the x-electron energy on the dissociation of the conjugate acid of the amine 
(equation 2). The greater the “s’”’ character of the nitrogen orbitals of the N-H bonds 


Fic. 1. The relation between the pK, values of Fic. 2. The relations between the pK, values of 


the polycyclic aromatic amines and the charge 
density at the position of the exocyclic atom in 
the corresponding carbanion, gz. (O unhind- 
eved, @ peri-, and (@ meso-amines. The 
numbers refer to the compounds in Table 1.) 
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the larger is the N-H stretching force constant, suggesting stronger N-H bonds, so that 
the greater is the dissociation of the cation to the amine and a hydrogen ion due to « bond 
energy changes alone. Thus the changes in the hybridisation ratios of the lone-pair and 
the N-H bond orbitals of the nitrogen atom in the series of aromatic amines bring about a 
more rapid fall in pK, with g, (Fig. 1) than that expected from eqn. (2) with a constant 
value of the coefficient, c, and the assumption that AE, primarily determines the relative 
values of the ionisation constants. 

In contrast to those of the aromatic amines, the relative basicities of the N-hetero- 
aromatic amines are governed mainly by the heat of ionisation. In aqueous solution at 
room temperature the ionisation constants of the N-heteroaromatic amines studied vary 
by a factor of 10° owing to differing enthalpy changes, but only by a factor of 50 because of 
variations in the entropy of ionisation (Table 2). Thus it is more probable in the N- 
heteroaromatic than in the aromatic series of amines that the internal energy term, the 
n-electron energy change due to the dissociation of the conjugate acid of the amine, 
primarily determines the relative pK, values. 

In the monoaza-heteroaromatic amines the nuclear nitrogen atom is protonated on 
cation formation. Allowance being made for the inductomeric effect, which is important 
when the nuclear nitrogen atom is substituted at an unstarred position in the carbanion 
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corresponding to the amine," the difference in x-electron energy between a monoaza- 
heteroaromatic amine and its cation, AE,, is given by 


AE, = Qy(¢,Aenn — coax) + Sgo(cyAao—caAay) . . . « (3) 


where gy and go are the charge densities at the position of the nuclear nitrogen atom and 
carbon atom adjacent to that nitrogen atom respectively in the corresponding carbanion, 
Aayn is difference between the Coulomb integrals of a positively charged nitrogen atom and 
a carbon atom, Aa and Aa are the increments in the Coulomb integral of a carbon atom 
when it is placed adjacent to a positively charged and a neutral nitrogen atom respectively, 
and c, and c, are the fractional “ »” character of the lone-pair orbital of the exocyclic 
nitrogen atom in the cation and the neutral molecule of the amine respectively. The 
Coulomb integral increment of a carbon atom due to the inductive effect of an adjacent 
nitrogen atom should be proportional to the increment of the latter atom, and, as in the 
series of N-heteroaromatic hydroxy-compounds," the experimental data are best ac- 
commodated by the assumption that 


Aegp=O8Aen . . . 2... & 


a similar equation holding for the increments of a neutral nitrogen atom and an adjacent 
carbon atom. Combination of eqns. (3) and (4) then gives 


AE, =a (qn a 0-290) (c, Aone —_ C.Aay) ° ° . ° ° (5) 


If the x-electron energy change due to the dissociation of the conjugate acid of an 
N-heteroaromatic amine is the major variable governing the relative free energies of ionis- 
ation in the series of amines, a linear relation between the charge densities (gx + 0-29) 
and the pK, values of the amines should be observed, provided that the coefficients, c, and 
Cs, do not vary too widely. The H-N-H bond angles of the monoazo-heteroaromatic 
amines vary from 110-5° to 118-5° (Tables 2 and 3), but if we exclude the compounds with 
a nuclear nitrogen atom ortho or peri to the amino-group, which deviate markedly ? from 
the simpler relation between gy and pKa, the range is smaller (110-5—113-5°), correspond- 
ing to a fractional “‘ # ’’ character of the lone-pair orbital of the amino-group nitrogen atom 
in the neutral molecule, 1.¢., c,, of 0-78—0-85. In the cation the fractional “ »” character 
of that orbital, 7.e., c,, is probably larger, as the nuclear nitrogen atom is more electron- 
attracting when protonated, and the H-N-H bond angle of an aromatic amine is increased 
by electron-attracting substituents.* The coefficient c, probably varies less widely than 
C, in the series of amines, and it may well be unity in most cases. 

Two relations between the pK, values of the monoaza-heteroaromatic amines and the 
charge density term (gy + 0-20) are observed, one covering the amines with an ortho- 
nuclear nitrogen atom (Fig. 2,4) and the other the remaining compounds (Fig. 2, B) apart 
from the amines with a eri-nuclear nitrogen atom. Neither relation is linear over a 
range of charge densities greater than 0-2 of an electron, the amines with large gy values 
being weaker bases than expected from eqn. (5). . When the charge density at the position 
of the nuclear nitrogen atom is large, that atom is negatively charged in the neutral 
molecule and carries less than a unit positive charge in the cation of the amine, so that 
the Coulomb increments, Aey and, more particularly, A«yy, are smaller than those of an 
amine in which gy is small or zero. The result is a reduction in the magnitude of the 
Coulomb term (c,Acyq — c,Aay) of eqn. (5), so that beyond the value of about 1-15 electrons 
an increase in the charge density, gy, brings about a progressively smaller increase in the 
pK, value of the amine (Fig. 2). 

The compound with a nuclear nitrogen atom ortho or peri to the amino-group are weaker 
bases than the other amines with similar charge density values. The reduction in basicity 
is due to the inductive influence of the exocyclic nitrogen atom and to intramolecular 
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hydrogen-bonding, both effects diminishing the proton-accepting capacity of the nuclear 
nitrogen atom. However, the fall in pK, of the ortho-amines, relative to those of analogous 
amines with similar charge densities, increases with gy, as is shown by the gradients of the 
relations expressed in Fig. 2 (A and B). Intramolecular hydrogen-bonding, which is 
present * in the ortho- as well as the feri-amines, opens the H-N-H bond angle (Tables 2 


TABLE 2. The pK, values of some N-heteroaromatic amines in water at 5-4° and 35-0° +. 0-1° 
and 20°, the enthalpies (AH) and entropies (AS) of the dissociation of the conjugate acids of 
the amines, the H-N-H bond angles (0), and the charge densities at the positions of the 
nuclear nitrogen atom, gy, and the carbon atoms adjacent to it, go, in the corresponding 


carbanion. 
AH AS 
No. Compound 5-4° 20° 35-0° (keal./mole) _(e.u.) 6° qun* qo4 
1 2-Aminopyridine 7:18+ 0-01 686% 655+001 84+03 —29+1 115-3° 1-143 1-0 
2 3- “ 6414+ 0-01 5-98 595+001 51403 —74+4+1 1116 1-0 1-143 
3 4- van 974+ 0-01 917% 8934 0-01 108403 —5-8+1 1135 1-143 1-0 
4 2-Aminoquinoline 7-81 + 0-02 7:34% 7:07+ 0-02 98+405 —05+4+2 1163 1-235 1-0 
5 3- eo 5-16+0-03 495% 476+002 53407 —46+42 1116 1-0 1-059 
6 4- os 9-61+ 0-02 917% 8714002 119405 —12+4+2 112-7 1-200 1-0 
7 5- - 5-72 +003 546¢ 530+002 56+07 —62+4+2 110-5 1-050 1-0 
8 6- - 5-944 0-02 563° 5484001 61404 —53+41 112-1 1-0 1-059 
9 8- 424+ 001 3-99° 3864001 50403 —1341 1163 1-0 1-050 
10 1-Aminoisoquin- 
oline 819+ 0-01 7-62¢ 740+ 0-01 1054+ 03 +01+41 1145 1-200 1-0 
ll 3- 526+ 0-01 5- 05° 488+001 50+03 —60+1 1166 1-059 1-0 


“ Quoted from Albert, Goldacre, and Phillips, J., 1948, 2240. ° Quoted from Osborn, Schofield, 
and Short, J., 1956, 4191. © Calculated from the frequencies of the symmetric and antisymmetric 
N-H stretching vibrations; ref. (3) and unpublished results. 4¢ Calculated by the method of ref. (2). 


TABLE 3. The pK, values of some N-heteroaromatic amines in water at 20°, the H-N-H bond 
angles (0), and the charge densities.at the positions of the nuclear nitrogen atom, qx, and the 
carbon atoms adjacent to it, qo, in the corresponding carbanion. 


No. Compound pk. 6° qu @ qo* 
12 17-Aminoquinoline 6-65 ¢ 112-7° 1-059 1-0 
13. 4-Aminoisoquinoline 6-28° 110-8 1-0 1-200 
14. O6- - 5-59 ° 110-0 1-0 1-050 
15 «6; sn 7-17° 113-7 1-059 1-0 
16 7- ” 6-20° 112-4 1-0 1-059 
17 + 8- 6-06 ° 111-0 1-050 1-0 
18  1-Aminoacridine 4-404 118-5 1-0 1-024 
19 2- ms 8-044 113-5 1-118 1-0 
20 =3- i 5-88¢ 112-4 1-0 1-029 
21 4 i 6-044 110-8 1-095 1-0 
22. =CO6-- 9-99 « 112-9 1-286 1-0 
23—s«6-- Aminophenanthridine 6-884 113-2 1-082 1-0 
Zz 9- 7-31¢ 116-5 1-286 1-0 
25 2-Amino-4- methyl- 5 : 6-benzoquinoline 7-14¢ 116-0 1-196 1-0 
26 =1’-Amino-5 : 6-benzoquinoline 5-03 ¢ 1-0 1-020 
27 =«(4’- 5-20¢ 110-5 1-019 1-0 
28  3-Amino-6: 7- -benzoquinoline 4-784 111-8 1-0 1-029 
29 2-Amino-4-methyl-7 : 8-benzoquinoline 6-742 1-184 1-0 
30 8-Amino-] : 2-benzacridine 6-72¢ 113-5 1-091 1-0 
31 8-Amino-3 : 4-benzacridine 7-42¢ 113-5 + 1-088 10 


* Quoted from Albert, Goldacre, and Phillips, J., 1948, 2240. ° Quoted from Osborn, Schofield, 
and Short, J., 1956, 4191. ¢ Calculated from the frequencies of the symmetric and antisymmetric 
N-H stetching vibrations, ref. (5) and unpublished results. ¢ Calculated by the method of ref. (2). 


and 3), so that the “ # ” character of the lone-pair orbital of the amino-group nitrogen atom 
in an ortho-amine is probably larger than that of isomeric amines with similar gy values. 
From the H-N-H bond angle of 116° (Tables 2 and 3) the coefficient, c,, has the value of 
approximately 0-92, so that the Coulomb term (c,Aayqy — c,Aey), which determines the 
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gradients of the relations in Fig. 2, should be smaller in the series of ortho-amines than in 
that of their isomers, as is found. 

The values of the Coulomb term (c,Aayy — c.Aay) derived from the relations of Fig. 2 
are 1-88 for the main series of amines and 1-18 for the ortho-compounds. A value (1-98) 
close to the former has been obtained " from the free energy of the ionisation process of 
N-heteroaromatic hydroxy-compounds (II) analogous to the dissociation of the conjugate 
acids of the corresponding amines (I). In the study of N-heteroaromatic hydroxy- 
compounds #4 it was assumed that the coefficients c, and c, were both unity, but it is 
apparent from the H-N-H bond angles of the corresponding amines that c, at least is 
somewhat less than unity and is variable in the series of amines. The Coulomb term 
(c, Aayy — c,Aay) is therefore composite, providing only approximately a measure of the 
electronegativity difference between a neutral and a positively charged nitrogen atom, 
since it expresses through the non-stationary coefficients, c, and ¢c,, variable o-bond energy 
changes and variable x-electron delocalisation energy changes due to alterations in the 
fractional ‘ #”’ character of the amino-group lone-pair orbital on cation formation in the 
series of amines. 

A value of 1-28 has been obtained ? for the difference between the Coulomb integrals of 
a neutral and a positively charged nitrogen atom from a correlation between pK, and gy 
in a series of N-heteroaromatic amines, the inductomeric effect being neglected. How- 
ever, the inductive enhancement of the electronegativity of a carbon atom by an adjacent 
nitrogen atom is an important determinant of the basicity of the amines with the nuclear 
nitrogen atom substituted at an unstarred position. The pK, values of such amines cover 
a range of 2-3 units, compared with 6-0 units for the series as a whole (Tables 2 and 3). 
The variation of the pK, value and of the charge density on the carbon atoms adjacent to 
the nuclear nitrogen atom, go, are both relatively large in the series of meta-amines (com- 
pounds 2, 5, 13, and 28, Tables 2 and 3), these quantities being linearly related. The 
gradient of the relation gives 0-348 for the Coulomb term (c,Azq — c,Aa¢), compared with 
0-368 derived from the slope of Fig. 2 (B) and eqn. (4), and 0-388 obtained ” in a study of 
the corresponding hydroxy-compounds. 


O-O O-O- 


(I) (II) 


x-7+ 


The steric effect of a CH group peri to the amino-group upon the basicity of the N- 
heteroaromatic amines appears to be small, though the infrared evidence suggests that 
there is some hindrance to conjugation between the amino-group and the nucleus in such 
compounds.*5 In contrast to the series of aromatic amines, the entropies of ionisation of 
the heteroaromatic compounds with a CH group eri to the amino-group do not differ 
systematically from those of the unhindered isomers (Table 2). However, the <mino- 
group is conjugated with the nucleus in both the neutral molecule and the cation of N- 
heteroaromatic amines, so that differences in the entropy of internal rotation between 
the hindered and unhindered amines, suggested for the aromatic series (see above), are not 
to be expected in the N-heteroaromatic series. The majority of the N-heteroaromatic 
compounds with a CH group eri to the amino-group are somewhat weaker bases than their 
unhindered isomers with the same or a similar charge density term (gy + 0-2 4c) (Fig. 2, 
Tables 2 and 3), but the base-weakening is much less than that due to the inductive and 
hydrogen-bonding effects present in the compounds with an amino-group ortho or peri to 
the nuclear nitrogen atom. 

The conjugate acids of the N-heteroaromatic amines have, in general, smaller entropies 
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of dissociation (AS) than those of the aromatic amines, AS having the average values of 
—3-9 and +1-5 e.u., respectively (Tables 1 and 2). The solvation entropy of an ion due 
to the charging process is given by !” 


AS = Y:degg(d In D/AT)/2DRyp . . «se 8) 


where g, and q, are the fractional charges on the atoms r and s, which are separated by the 
distance R,,, and D is the dielectric constant of the solvent. In the cation of an N-hetero- 
aromatic amine the positive charge is dispersed, being shared principally by the nuclear 
and exocyclic nitrogen atoms, so that the cation as a whole has a smaller entropy of solv- 
ation, by eqn. (6), than that of an aromatic amine where the positive charge is largely 
localised on the nitrogen atom. Within the series of N-heteroaromatic amines, the cations 
which have the smaller separations between the principal charge centres, namely, those 
with the amino-group ortho to the nuclear nitrogen atom, have, in general, the larger 
entropies of dissociation (Table 2), as required by eqn. (6). 


EXPERIMENTAL 


Materials.—The polycyclic aromatic amines were as in Elliott and Mason,‘ and 2-, 3-, and 
4-aminopyridine as in Mason.* 1- and 3-Aminoisoquinoline were kindly provided by 
Professor H. N. Rydon and Mr. K. Undheim, and by Dr. K. Schofield }* respectively. The 
aminoquinolines were either commercial specimens or, in the case of the 5- and the 6-isomer, 
were prepared by reduction of the corresponding nitroquinolines. After recrystallisation, the 
aminoquinolines were sublimed, their m. p.s being those reported by Albert, Goldacre, and 
Phillips. 

Ionisation Constants.—These were determined by the potentiometric titration of air-free 
solutions under nitrogen in a thermostat, glass and calomel electrodes in conjunction with a 
Cambridge pH meter being used. In aqueous solutions at 5-4° and 35-0° + 0-1° the amino- 
pyridines were titrated at 0-02m, the aminoquinolines and l-aminoisoquinoline at 0-01m, and 
3-aminoisoquinoline at 0-005m. Owing to the low solubility of the polycyclic compounds in 
water, the aromatic amines were titrated, at 0-2° and 20-0° + 0-1°, in 50% (v/v) aqueous 
ethanol; aniline, 2-, 3-, and 4-aminodiphenyl, and 1- and 2-naphthylamine at 0-01m, 1- and 
9-aminophenanthrene at 0-0025m, and the remaining aromatic amines (Table 1) at 0-:005m. The 
pK, values of the N-heteroaromatic amines were determined from the equation 


pK, = pH — log [B]/[BH*). . ......- (Y) 


where [B] and [BH*] are the concentrations of the amine and its cation respectively. With 
the aromatic amines, equation (7) gave pKa values with deviations up to 0-1 of a pK unit. 
Accordingly, the empirical relationships between the stoicheiometric hydrogen-ion concentration 
in 50% (v/v) aqueous ethanol at 0-2° and 20-0° and the pH meter reading were determined, and 
they were used to calculate the classical ionisation constants of the conjugate acids of the 
aromatic amines. The negative logarithms of these constants, which have a deviation of 
+0-01 of a pK unit, are listed in Table 1. Owing to the low solubility of 2- and 9-amino- 
anthracene, their pK, values were determined spectrophotometrically at 0-0001m, the deviations 
being +0-02 and +0-2 of a pK unit respectively. 


The authors thank the Council of the University of Exeter for a scholarship (to J. J. E.), the 
Royal Society for a spectrophotometer, the Chemical Society for a grant from the Research 
Fund, and Dr. H. H. Greenwood for the delocalisation energies of the ‘arylmethyl systems. 
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475. The Interaction of Aldehydes and Ketones with Mono- 
thioglycols. 
By J. R. MARSHALL and H. A. STEVENSON. 


The reaction of aldehydes and ketones with monothioglycols has been 
applied to the synthesis of several new 1 : 3-oxathiolans and 1 : 3-oxathians. 
A study of the reaction of benzil and benzoin with 2-hydroxyethanethiol 
has led to novel cyclic compounds containing oxygen and sulphur. 


THERE are numerous references in the literature to the activity of phenoxathiin as an 
insecticide, anthelmintic, and bactericide. The present work arose as an attempt to find 
such activity in other ring systems containing oxygen and sulphur. The compounds 
described have been tested by routine screening but no useful activity has been found. 

The reaction of aldehydes and ketones with 2-hydroxyethanethiol and 3-hydroxy- 
propanethiol under acid dehydrating conditions generally gives 1:3-oxathiolans and 
1 : 3-oxathians,? but Djerassi and Gorman ! state that benzophenone does not react with 
hydroxyalkanethiols in boiling benzene in the presence of toluene-p-sulphonic acid. We 
have found, in four cases, that in boiling toluene reaction slowly gave moderate yields of 
oxathiolans and oxathians. The diphenyloxathiolans decompose slowly in refluxing 
toluene to the original benzophenone and an amorphous solid which is probably poly- 
ethylene sulphide. 

The water-separator method ! has been applied to the preparation of 17 new oxathiolans 
and oxathians from various aldehydes and ketones. It failed with phenacyl chloride since 
the halogen atom is “‘ positive ’’ enough to oxidise the thiol, and hydrogen chloride was 
eliminated. 

Chloral hydrate and 2-hydroxyethanethiol, in the absence of catalyst, yielded 2-tri- 
chloromethyl-1 : 3-oxathiolan as an unstable crystalline compound probably identical 
with that described by Bennett and Whincop ® as a complex of chloral with 2-hydroxy- 
ethanethiol. Chloral mercaptals could not be obtained in aqueous suspension,‘ by the 
water-separator method, or by saturating an ethanolic solution of the components with 
hydrogen chloride. 

Benzoin did not react with 2-hydroxyethanethiol in boiling benzene, but gave the 
expected oxathiolan in low yield in boiling toluene. A by-product, obtained in increasing 
yield with increased refluxing time, was undoubtedly 2 : 3-dihydro-5 : 6-diphenyl-1 : 4- 
oxathiin (I). 


= Se CPh o US 5. .O 
Ph>-—€Ph Ph— = 
a J} ff Ph <¢ > oss fh 
0 i] 
(II) (III) (IV) 


This oxathiin can also be prepared easily by dehydration of «-(2-hydroxyethylthio)- 
deoxybenzoin (from desyl chloride and 2-hydroxyethanethiol). This route to these 
oxathiins is apparently general and 2: 3-diphenylbenzoxathiin, 2 : 3-dihydro-6-phenyl- 
1: 4-oxathiin, 6-f-bromophenyl-2 : 3-dihydro-1 : 4-oxathiin, and 2 : 3-dihydro-6-methyl- 
1: 4-oxathiin have been similarly prepared. The corresponding 7-membered ring com- 
pound, 2 : 3-diphenyl-l-oxa-4-thiacyclohept-2-ene (II), has been obtained by dehydration 
of «-(3-hydroxypropylthio)deoxybenzoin. 

1 Djerassi and Gorman, J. Amer. Chem. Soc., 1953, 75, 3704. 

2 Jaeger and Smith, Chem. and Ind., 1954, 1106; Djerassi and Grossman, J. Amer. Chem. Soc., 
1957, 79, 2553; Kipnis and Ornfelt, ibid., 1949, 71, 3555. 


% Bennett and Whincop, J., 1921, 1860. 
* Davey, J. Inst. Petroleum, 1947, 38, 527. 
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2-Benzoyl-2-phenyl-1 : 3-oxathiolan could not be obtained from benzil and 2-hydroxy- 
ethanethiol, although Hurtley and Smiles® obtained the corresponding dithiolan from 
ethane-1 : 2-dithiol. The reaction in cold methanolic hydrogen chloride yielded two 
isomeric substances C,,H,,0,S,. Both isomers were degraded to benzoin with Raney 
nickel in acetone. Stereoisomeric forms of (III) and (IV) are possible structures for these 
compounds. 


Oxathiolans and oxathians by the water-separator method 
Found (%) Required (% 


Substance B.p./mm. M.p. np Formula Cc H Cc H) 

1 : 3-Oxathians 
2-Methyl-2-phenyl- ............ 106—108°/ 58—61° 1-5607/22° C,,H,,OS 676 68 68:0 7-2 

2-0 
2-Ethoxycarbonylmethy]l-2- 

I eikidanimrionvensomniicis 108°/1-2 -- 1-4903/19° C,H,,0,S 53-2 7-7 6529 17-9 
2-p-Chlorophenyl- ............ 133°/1-2 48—50 ~- CyH,,OCIS 55:7 50 559 51 
i : 3-Oxathian-2-spirocyclo- 

BI dinepcwissestdccsecacnee 86—87°/2 — 1-5212/24° C,H,,0S 625 90 62:8 93 

1 : 3-Oxathiolans 
2-Ethyl-2-phenyl- ............ 107°/2-4 -- 1-5610/21° C,,H,,OS 68-0 7:3 680 7-2 
2-p-Chlorophenyl-2-methyl- 113°/1-5 — 1-5757/23° C,H,,OCIS 563 51 55:9 51 
2-(2 : 4-Dichloropheny])-2- 

STII oc ccccsesisstccenccesess 135°/1-5 —_— 1-5930/23° C,,H,,OCI,S 485 42 481 40 
2-(2 : 5-Dichloropheny))-2- 

SD inineroeenassconetesicion 136°/0-25 — — CyH,OC],S 484 40 481 40 
2-Methyl-2-p-nitrophenyl- ... — . 50—52 _- CyoH;,0;5NS 53:1 49 533 4-9 
2-p-Methoxypheny]-2- 

II cicsreiceetetscossvnnaie 132°/1-1 — 1-5680/20° C,,H,,0,S 63-1 66 62:9 6-7 
2-Benzyl-2-phenyl- ............ -- 42—43-5 — C,,.H,,0S 750 60 750 63 
2-p-Chlorophenyl- ............ 124°/0-9 _ —— C,H,OCIS 53-5 44 53:9 4:5 
2-o-Chlorophenyl- ............ 123°/1 _— —_ C,H,OCIS 53-7 44 53:9 4-5 
2-p-Nitrophenyl- ............... -— 73—77 == C,H,O,NS 514 44 51:2 43 
2-p-Chlorobenzyl-2-phenyl- — 60—63 == CysH, OCIS 665 52 66-1 5-2 
2-p-Methylsulphonylphenyl- -- 102 -- CioH,,0;5, 488 49 49:2 49 
2-4’-Chlorobenzyl-2-p-chloro- 

SE saccxemsbatcaverseekess _- 65—68 — C,,H,,OCI,S 59:0 42 59-1 43 


EXPERIMENTAL 


2-p-Chlorophényl-2-hydroxyethanethiol—2-Bromo-1-p-chlorophenylethanol (20 g.) was added 
to a saturated solution of hydrogen sulphide in ethanol (100 ml.) and sodium hydroxide 
(6-8 g.) at 60°. After 1 hr. at this temperature, the ethanol was evaporated and the residue 
treated with water. The solution was acidified with acetic acid, and the product separated 
with ether. Distillation gave 2-p-chlorophenyl-2-hydroxyethanethiol (5 g.), b. p. 132°/2 mm. 
(Found: C, 50-9; H, 4-7. C,H,OCIS requires C, 50-9; H, 4-8%). 

2: 2-Diphenyl-1 : 3-oxathiolan.—2-Hydroxyethanethiol (30 g.), benzophenone (58 g.), and 
toluene-p-sulphonic acid (1 g.) were refluxed in toluene (250 ml.) for 3 hr. while water (7-2 ml.) 
was evolved. After cooling, an amorphous solid, probably polyethylene sulphide, was removed 
and washed with ether. The combined filtrates were washed with sodium hydrogen carbonate 
solution, dried, and evaporated. The residue was run in dry benzene through a column of 
active alumina (type 0) to remove remaining traces of the amorphous solid. The residue was 
obtained crystalline from methanol at 0° and recrystallised from propan-2-ol giving 2 : 2-di- 
phenyl-1 : 3-oxathiolan (22 g.), m. p. 52° (Found: C, 74-2; H, 5-7. C,s;H,,OS requires C, 74-4; 
H, 5-8%). 

The following were obtained similarly: the compounds in the Table were obtained as in ref. 1. 

2 : 2-Di-(p-chlorophenyl)-1 : 3-oxathiolan, prisms (from propan-2-ol), m. p. 36° (Found: 
C, 58-0; H, 3-7. C,;H,,OCI,S requires C, 57-9; H, 3-9%). 2-p-Chlorophenyl-2-phenyl-1 : 3- 
oxathiolan (from methanol at —20°), m. p. 28° (Found: C, 65-1; H, 4-5. C,;H,,OCIS requires 
C, 65-1; H, 4:7%). 2:2-Diphenyl-1 : 3-oxathian (from methanol), m. p. 116—118° (Found: 
C, 74-9; H, 6-1. C,,H,,OS requires C, 75-0; H, 6-3%). 

2-Trichloromethyl-1 : 3-oxathiolan.—2-Hydroxyethanethiol (5 g.) and chloral hydrate 

5 Hurtley and Smiles, J., 1926, 2267. 
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(10-6 g.) were refluxed in benzene (70 ml.). After 14 hr., when the evolution of water had 
ceased, the solution was concentrated at 170 mm. 2-Trichloromethyl-1 : 3-oxathiolan formed 
prisms, m. p. 70—85°, on cooling (Found: C, 23-3; H, 2-5. C,H,OCI,S requires C, 23-1; H, 2-4; 
Cl, 51-3. C,H,O,C1,S requires C, 21:3; H, 3-1; Cl, 47:2%). Bennett and Whincop ® found 
Cl, 50-7, 51-2% for the condensation product of chloral and 2-hydroxyethanetljiol. It is 
insoluble in cold water but dissolves rapidly with decomposition when heated; it also decom- 
poses into volatile components on attempted distillation at 1 mm., and slowly deliquesces when 
exposed to the atmosphere. 

2-Methyl-2-phenyl-1 : 3-oxathiolan 3: 3-Dioxide.—2-Methyl-2-pheny]l-1 : 3-oxathiolan (5 g.) 
in acetone (100 ml.) was stirred for 24 hr. with finely powdered potassium permanganate (6 g.). 
The mixture was filtered, and unchanged oxathiolan removed at 130°/2 mm. Strong cooling 
of the residue in methanol gave colourless prisms of the dioxide (ca. 2 g.), m. p. 56—57° (Found: 
C, 57-0; H, 5-6. C,9H,,0,S requires C, 56-6; H, 5-7%). The compound slowly decomposes at 
room temperature giving acetophenone. Attempts to carry out the oxidation with hydrogen 
peroxide in acetone or acetic acid led only to acetophenone. 

a-(2-Hydroxyethylthio)deoxybenzoin.—Sodium hydroxide (2-8 g.) was added to an ethanolic 
solution of 2-hydroxyethanethiol (5 g.) and desyl chloride (14:8 g.). Reaction took place 
rapidly on warming. Water was added and the product separated with benzene. Light 
petroleum (b. p. 80—100°) (60 ml.) was added to a solution in benzene (40 ml.), and the 
precipitated oil obtained crystalline at 0°. Repetition of the process gave pure a-(2-hydroxy- 
ethylthio)deoxybenzoin, m. p. 51° (Found: C, 70:3; H, 5-9. (C,gH,,0,S requires C, 70-6; 
H, 5-9%). 

2: 3-Dihydro-5 : 6-diphenyl-1 : 4-oxathiin.—a-(2-Hydroxyethylthio)deoxybenzoin (8-6 g.), 
when boiled for 1 hr., with separation of water, in toluene (100 ml.) containing toluene-p- 
sulphonic acid (0-5 g.), gave 2 : 3-dihydro-5 : 6-diphenyl-1 : 4-oxathiin (4 g.), m. p. 63—65°, very 
pale yellow prisms from methanol (charcoal) (Found: C, 75:7; H, 5:5. C,,H,,OS requires 
C, 75-6; H, 55%). 

2-(a-Hydroxybenzyl)-2-phenyl-1 : 3-oxathiolan.—2-Hydroxyethanethiol (30 g.), benzoin 
(82 g.), and toluene-p-sulphonic acid (2 g.) were refluxed in toluene (400 c.c.) for 14 hr. while 
water (7-5 ml.) was evolved. On cooling, impure benzoin (40 g.) crystallised. After washing 
of the mixture with aqueous sodium hydrogen carbonate, the toluene was evaporated and the 
viscous yellow residue dissolved, as far as possible, in light petroleum (b. p. 80—100°) which 
was poured on a column (25 x 2-5cm.) of alumina (type 0). The residue was repeatedly shaken 
with 100—200 ml. amounts of light petroleum, which were poured on the column, until an 
insoluble solid remained. The colourless first fractions of eluate contained 2: 3-dihydro-5 : 6- 
diphenyl-1 : 4-oxathiin (8-6 g.). The next fractions of eluate were yellow and contained more 
oxathiin (9 g.), while still later fractions were less yellow and, on concentration, gave 2-(«- 
hydroxybenzyl)-2-phenyl-1 : 3-oxathiolan (5 g.), m. p. 95—96° (Found: C, 70-5; H, 5-8. 
C,,H,,0,S requires C, 70-6; H, 5-9%). In another experiment of 5} hours’ duration, the yield 
of oxathiin was 46% but no oxathiolan was isolated. 

2 : 3-Diphenylbenzoxathiin.—2-Hydroxybenzenethiol (5 g.), benzoin (8-5 g.), and toluene-p- 
sulphonic acid (0-5 g.) in boiling toluene (100 ml.) yielded 2 : 3-diphenylbenzoxathiin (2-5 g.), m. p. 
108—109°, nearly colourless prisms from methanol (Found: C, 79:8; H, 4:5. C,9H,,OS 
requires C, 79-5; H, 46%). 

a-(2-Hydroxyphenylthio)deoxybenzoin.—Sodium hydroxide (2 g.) in water was added to a 
solution of 2-hydroxybenzenethiol (5 g.) and desyl chloride (9-2 g.) in ethanol. After 20 min. 
at 100°, the mixture was poured into water and extracted with ether. The deoxybenzoin 
(6-2 g.), crystallised from methanol, had m. p. 102° (Found: C, 74:7; H, 4:9. Cy9H,.0,S 
requires C, 75-0; H, 5-0%). 

a-(3-Hydroxypropylthio)deoxybenzoin.—A similar preparation to the above gave the 3- 
hydroxypropylthio-compound, m. p. 46—48° [from light petroleum (b. p. 80—100°)—benzene 
at 0°] (Found: C, 71-3; H, 6-3. C,,H,,0,S requires C, 71-3; H, 6-3%). 

This product (from 15 g. of desyl chloride) and toluene-p-sulphonic acid (0-25 g.), refluxed 
in benzene (150 ml.) for 3 hr., gave yellow needles of 2 : 3-diphenyl-1-oxa-4-thiacyclohept-2-ene 
(3-4 g.), m. p. 119° (from ethanol) (Found: C, 76-1; H, 6-0. C,,H,,OS requires C, 76-1; 
H, 6-0%). 

6-Aryl-2 : 3-dihydro-1 : 4-oxathiins—A. methanolic solution of phenacyl chloride (21-8 g.), 
added to an aqueous-methanolic solution of 2-hydroxyethanethiol (10 g.) and sodium hydroxide 
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(5-2 g.) and heated for a short time, yielded 2 : 3-dihydvo-6-phenyl-1 : 4-oxathiin, b. p. 126°/0-7 
mm., #,"* 1-6491 (Found: C, 67-7; H, 5-6. C,H OS requires C, 67-4; H, 5-6%). Similarly, 
p-bromophenacy] chloride gave 6-p-bromophenyl-2 : 3-dihydro-1 : 4-oxathiin (48%) as colourless 
crystals, m. p. 97° (from methanol) (Found: C, 46-7; H, 3-5. C,,)H,OBrS requires C, 46-7; 
H, 3-5%); the crude product could not be obtained crystalline, but gave crystals only after 
4 hour’s heating at 150°. 

2 : 3-Dihydro-6-methyl-1 : 4-oxathiin.—Chloroacetone (18 g.) was added to an aqueous- 
methanolic solution of 2-hydroxyethanethiol (15 g.) and sodium hydroxide (7-8 g.). An 
exothermic reaction took place. The mixture was evaporated at 100°/170 mm., and the 
residue taken upinether. 2: 3-Dihydro-6-methyl-1 : 4-oxathiin distilled at 56°/10 mm. and had 
n,** 1-5288 (Found: C, 51-8; H, 6-7. C,H,OS requires C, 51-7; H, 6-9%). 

Condensation Products C,,H,,0,S, derived from Benzil and 2-Hydroxyethanethiol.—A solution 
of benzil (26-25 g.) and 2-hydroxyethanethiol (19-5 g.) in methanol (100 ml.) was saturated with 
dry hydrogen chloride at 0—10°. After 14 hr., water was added, and the product separated, 
washed, and dried. Recrystallisation from benzene gave colourless prisms. The crystals were 
solvated but readily effloresced to give an isomer (15 g.), m. p. 212° (Found: C, 65-3; H, 5-3. 
C,,H,,0,S, requires C, 65-5; H, 5-5%). The viscous liquid obtained on evaporating the 
benzene mother-liquor to dryness gave thick needles of the second isomer (8-6 g.), m. p. 149° 
(from methanol) [Found: C, 65-5; H, 55%; M (Rast), 292. (C,,H,,0,S, requires C, 65-5; 
H, 5:5%; M, 330]. 

The isomer, m. p. 212° (1 g.), in acetone (50 ml.) was refluxed for 16 hr. with an aqueous 
suspension of Raney nickel (6 g.). The nickel was removed, and benzoin, m. p. 131°, was 
obtained from the solution by evaporation and recrystallisation from light petroleum (b. p. 
60—80°)-benzene. Similarly the isomer, m. p. 149°, gave an impure specimen of benzoin 
which showed no m. p. depression when mixed with an authentic specimen but a large depression 
when mixed with hydrobenzoin. 


RESEARCH DEPARTMENT, Boots PurRE DrucG Co. LIMITED, 
NOTTINGHAM. (Received, January 16th, 1959.] 





476. 2-Cyano-4-nitrophenylhydrazine and 3-Amino-5-nitroindazole. 
By E. W. PARNELL. 


The compound described in the literature as 2-cyano-4-nitrophenyl- 
hydrazine (II) is shown to be 3-amino-5-nitroindazole (I). Preparations 
of the former and of isomeric methyl derivatives of the latter are described. 


For preparation of 3-amino-5-nitroindazole (I), 2-cyano-4-nitrophenylhydrazine (II) was 
prepared and its cyclisation examined. Recently the reputed o-cyanophenylhydrazine 
was identified as 3-aminoindazole:! we now report that the reputed 2-cyano-4-nitro- 
phenylhydrazine * (II) is 3-amino-5-nitroindazole, but that the former can be prepared 
under controlled conditions. 

Preparation of the hydrazine (II) from 1-chloro-2-cyano-4-nitrobenzene and hydrazine 
in boiling ethanol was claimed by Borsche * and by Baudet ® as a red solid, m. p. 250°. 
From such a reaction at room temperature we obtained a buff-coloured product (A), m. p. 
192—194°, which resolidified to a scarlet solid, m. p. 254—258°. From a reaction in 
boiling ethanol, the product (B), m. p. 259—261°, described by the earlier workers 3 was 
obtained. The product (A) was converted into (B) when heated, or when dissolved in warm 
dilute hydrochloric acid and re-precipitated by sodium acetate. Product (A) also dissolved 
in aqueous sodium hydroxide to a deep red solution, and (B) was precipitated on addition 
of acetic acid. These transformations led to the conclusion that the recorded compound (B) 
was 3-amino-5-nitroindazole (I) and that (A) was the previously unknown hydrazine (II). 

1 Aron and Elvidge, Chem. and Ind., 1958, 38, 1234; Cooper, J., 1958, 4212. 


2 Borsche, Ber., 1921, 54, 665. 
3 Baudet, Rec. Trav. chim., 1924, 48, 707. 
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Further evidence that product (B) is the indazole (I) was afforded by methylation. 
With methyl iodide in alcoholic sodium ethoxide it gave a yellow (C) (m. p. 224—225°) and 
a less soluble, chocolate-brown monomethyl derivative (D) [m. p. 330—332° (decomp.)]. 


ON ] NH, ON 
NN NH: ais 
I) H 


With one mol. of methyl sulphate in hot nitrobenzene it gave only the monomethyl 
derivative D. These derivatives gave the same quaternary salt. Now, from 1-chloro-2- 
cyano-4-nitrobenzene and monomethylhydrazine Hartmanns * obtained a product, m. p. 
223°, which he formulated as (III). Repetition of this reaction at room temperature gave 
a mixture which partly melted at 189—195°, then resolidified, and remelted at 210—215°. 
When we mixture was treated with acid and then reprecipitated, the homogeneous 
product (C) was obtained. Since 1-chloro-2,4-dinitrobenzene and methylhydrazine give 


O,N O,N ]NHz ON ~— O,N NH, 
N-NH, LN eo NMe 
N N 


(111) (iv) Me (V1) 


(Il) 


N-2,4-dinitrophenyl-N-methylhydrazine,' the initial iia from 1-chloro-2-cyano-4-nitro- 
benzene and methylhydrazine probably has structure (III); it is obtained, mixed with the 
indazole (IV), when the reaction is carried out at room temperature, but has not been 
obtained pure. Hartmanns’s product is therefore the indazole (IV) and it is identical 
with compound (C). Since (C) and (D) give the same quaternary salt, it follows that (D) 
is 3-amino-2-methyl-5-nitroindazole which, according to the work of Barclay e¢ al.® on the 
structure of nitroindazoles and their N-methyl derivatives, should have the quinonoid 
structure (V). These structural assignments are supported by the methods of preparation, 
solubilities, melting points, and colours of the compounds, and by analogy with those of 
the monomethyl-5-nitroindazoles.? The indazole structure (I) for the red product described 
by Borsche 2 and Baudet,’ and the structure (IV) for that described by Hartmanns * 
account for the lack of reactivity of these substances towards ketones noted by these 
authors. The derivatives of aromatic aldehydes described by them are probably 3-benzyl- 
ideneaminoindazoles. 

These conclusions are supported by the spectra. The ultraviolet spectrum of the 
hydrazine (II) shows a maximum at 358 my (log ¢ 4-14). The infrared spectrum has a band 
at 2230 cm." indicative of a free cyano-group. For the indazole (I) the ultraviolet 
absorption maximum has shifted to 280 my (log ¢ 4-11), and the infrared band at 2230 cm.+ 
has disappeared. Similarly in the methyl derivatives (IV) and (V) the maxima are at 
285 (log « 4-05 and 4-15) respectively and in both cases the infrared band at 2230 cm.+ 
is absent. 

It is of interest that the indazoles (I), (IV), and (V) all show a band in the 810 cm. 
region indicative of an intact benzene ring. In the case of the last compound this precludes 
an o-quinonoid structure such as (V), suggested for 2-alkylindazoles by Barclay et al.® 
The deep colour of compound (D) suggests that it might exist as a diradical, such as (VI). 


EXPERIMENTAL 


2-Cyano-4-nitrophenylhydrazine —60%, Hydrazine hydrate (22-8 ml.) was added to 1-chloro- 
2-cyano-4-nitrobenzene (50 g.) in warm ethanol (750 ml.). After being kept overnight the 
brown needles which separated were filtered off. The crude product (30 g., 61-5%) could only 

* Hartmanns, ibid., 1946, 65, 468. 

5 Blanksma and Wackers, Rec. Trav. chim., 1936, 55, 655; Vis, ibid., 1939, 58, 387. 

* Barclay, Campbell, and Dodds, J., 1941, 113. 

7 Fries, Annalen, 1927, 454, 121. 
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be crystallised in small amounts from ethanol. Attempts to recrystallise larger quantities 
resulted in partial transformation into 3-amino-5-nitroindazole. An analytical sample of the 
hydrazine had m. p. 192—194°, resolidifying to a scarlet solid and then remelting at 254—258° 
(Found: C, 47-1; H, 3-8; N, 31-7. C,H,O,N, requires C, 47-1; H, 3-4; N, 31-4%). Evapor- 
ation of the reaction liquors gave a solid which was dissolved in warm 2N-hydrochloric acid 
(150 ml.). The solution, after clarification with charcoal, was adjusted to pH 5 with saturated 
aqueous sodium acetate. A red solid (15 g., 31%), m. p. 254—256°, was precipitated; it was 
identical with 3-amino-5-nitroindazole (see below). 

3-A mino-5-nitroindazole.—A warm solution of sodium acetate trihydrate (136 g.) in water 
(300 ml.) was added to a solution of 2-cyano-4-nitrophenylhydrazine (34-5 g.) in 2N-hydrochloric 
acid (345 ml.) at ca. 95°. A deep red solid separated and the mixture (pH ca. 5) was cooled and 
the solid was filtered off. Crystallisation from nitromethane (1-2 1.) gave the product as scarlet 
needles (26-0 g., 75%), m. p. 259—261° (Found: C, 46-9; H, 3-6; N, 31-95. Calc. for 
C,H,O,N,: C, 47-1; H, 3-4; N, 31-4%). 

Methylation of 3-Amino-5-nitroindazole.—(1) 3-Amino-5-nitroindazole (1-0 g.) was added to 
dry ethanol (10 ml.) containing dissolved sodium (0-14 g.). The mixture was refluxed with methyl 
iodide (0-38 ml.) for 3 hr., then filtered whilst hot to give a deep red solid (D) (0-4 g.), m. p. 
280—290° (decomp.); the filtrate deposited a solid (C) (0-4 g.), m. p. 210—-220°. Substance (D) 
crystallised from dimethylformamide in chocolate-brown needles, m. p. 330—332° (decomp.), 
identical with the product obtained by method (2). Compound (C) recrystallised from ethanol 
and then from benzene as bright yellow needles, m. p. 218—220°, and was identical with 3-amino- 
1-methyl-5-nitroindazole prepared from 1-chloro-2-cyano-4-nitrobenzene and monomethyl- 
hydrazine (see below). 

(2) 3-Amino-5-nitroindazole (11-9 g.) suspended in dry nitrobenzene (119 ml.) was heated 
and stirred at 150°. Redistilled methyl sulphate (7-7-ml.) was then added; the solid dissolved 
anda gum separated. After a further hr. the mixture was cooled and mixed with ether (119 ml.), 
and the gum and ethereal solution were extracted with 2N-hydrochloric acid (ca. 300 ml.). 
After being filtered the aqueous solution was basified with solid sodium hydrogen carbonate, 
a deep red solid separating. Crystallisation of this from aqueous dimethylformamide gave pure 
3-amino-2-methyl-5-nitroindazole (D) (6-0 g., 46-5%), m. p. 330—332° (decomp.) (Found: C, 49-6; 
H, 4:3; N, 28-9. C,H,O,N, requires C, 49-9; H, 4-2; N, 29-2%). 

3-Amino-1-methyl-5-nitroindazole-—Methylhydrazine (13-2 g.) and _ 1-chloro-2-cyano-4- 
nitrobenzene (44 g.) in warm ethanol (440 ml.) reacted exothermally, fine yellow and stouter 
brownish needles separating. After being kept overnight the solids were filtered off, washed 
with ethanol, and dried. The product (34 g., 79%) partly melted at 189—195° and melted 
completely at 210—215°. After being dissolved in warm 2n-hydrochloric acid (340 ml.) and 
precipitated with sodium acetate (134 g.) in water (300 ml.), the product was homogeneous 
N-2-cyano-4-nitrophenyl-N-methylhydvrazine (C), m. p. 220—224°. Recrystallisation from 
ethanol then gave yellow needles, m. p. 224—225°, which became red when heated (Found: 
C, 49-8; H, 4-6; N, 29-1. C,H,O,N, requires C, 49-9; H, 4-2; N, 29-2%). 

3-Amino-1,2-dimethyl-5-nitroindazolium Iodide.—Redistilled methyl sulphate (3-3 ml.) was 
added to 3-amino-2-methyl-5-nitroindazole (6-15 g.) suspended in dry nitrobenzene (61-5 ml.) 
stirred and heated at 150°. The product began to separate immediately. After 1 hr. the 
mixture was cooled and acetone (150 ml.) was added; the methosulphate was filtered off and 
washed with acetone. It was dissolved in warm water (90 ml.), and the solution neutralised 
with solid sodium hydrogen carbonate and filtered from a trace of solid. Sodium iodide (30 g.) 
was added to the filtrate at ca. 95°; the quaternary salt (9-3 g., 86-5%), m. p. 242—244° (decomp.) 
crystallised immediately. It recrystallised from water as orange prisms, m. p. 244—245° 
(decomp.) (Found: N, 15-9; I, 35-7; H,O, 5-2. C,H,,O,N,I,H,O requires N, 15-9; I, 36-0; 
H,O, 5-1%). An identical product was obtained, albeit in lower yield, from 3-amino-1-methyl- 
5-nitroindazole under the same conditions. 


The author thanks Dr. D. F. Muggleton for the spectral determinations, Mr. S. Bance, B.Sc., 
A.R.I.C., for the semimicro-analyses, and the Directors of May & Baker Ltd. for permission 
to publish this work. 


THE RESEARCH LABORATORIES, May & BAKER LTD., 
DAGENHAM, ESSEX. [Received, February 10th, 1959.] 
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477. Heterocyclic Compounds of Nitrogen. Part II.1 The 
Synthesis of Some 3'-Indolylbenzoquinones. 


By J. MALcoLm BRUCE. 


2,5- and 3,4-Dimethoxyphenyl-lithium react with o-aminoacetophenone 
to give tertiary alcohols from which 4-(2,5- and 4-(3,4-dimethoxypheny])- 
cinnoline respectively are obtained by dehydration and diazotisation. 
Demethylation followed by reductive ring contraction then affords 3-(2,5- 
and 3-(3,4-dihydroxyphenyl)indole which are readily oxidised to the corre- 
sponding quinones. These are identical with the condensates obtained in 
alcoholic solution from indole and 1,4- and 1,2-benzoquinone respectively. 


In 1911 Méhlau and Redlich? reported that 2-methylindole and 1,4-benzoquinone in 
alcoholic solution gave a deep violet substance which was readily reduced to a leuco- 
compound, gave a diacetate on reductive acetylation, and was cleaved by aqueous potassium 
hydroxide to the parent indole. They assigned to it structure (I; R= Me). A similar 
compound was formed from 1,2-dimethylindole and 1,4-benzoquinone, but a pure product 
was not isolated on reaction of indole itself with the quinone. Bu’Lock and Harley- 
Mason * confirmed and extended this work, and isolated pure products, formulated as (I; 
R = H) and (II), after reaction of indole with 1,4- and 1,2-benzoquinone respectively. 
These structures were supported by the visible and ultraviolet absorption spectra of the 
compounds, the failure of 3-substituted indoles to yield coloured products with quinones, 
and the isolation of the same indolylnaphthaquinone on reaction of indole with either 1,2- 
naphthaquinone or its sodium 4-sulphonate, 


HO s Cl 
Gunes 
Gunw. 
o @) 


H ap H (III) 





More recently Horner and Spietschka * have shown that indole reacts with tetrachloro- 
2-benzoquinone in tetrahydrofuran to give the yellow cyclohexadienone (III), and in 
view of this it was necessary to obtain further evidence relating to the structures of the 
indole-quinone condensates prepared by Méhlau and Redlich? and by Bu’Lock and 
Harley-Mason.* The present paper describes the synthesis of the quinones (I; R = H) 
and (II). 

The simplest general synthesis of 3’-indolylbenzoquinones involves oxidation of the 
corresponding quinols. These were prepared from the appropriate dimethoxyphenyl- 
lithium, but first the syntheses of 3-phenyl- and 3-p-hydroxyphenyl-indole, from phenyl- 
and #-methoxyphenyl-lithium respectively, were examined in order to establish a suitable 
sequence of reactions. 

Phenyl-lithium reacted smoothly with an ethereal suspension of isatin to give 3-phenyl- 
dioxindole ® (IV) from which o-aminobenzophenone was obtained by oxidation with 
alkaline hydrogen peroxide. Reaction of this ketone with methylmagnesium iodide, 
dehydration of the resulting tertiary alcohol to the amino-olefin (V; R =H), and sub- 
sequent diazotisation as described by Stoermer and Fincke’ afforded 4-phenylcinnoline 


1 Part I, Bruce and Sutcliffe, J., 1957, 4789. 

2 Mohlau and Redlich, Ber., 1911, 44, 3605. 

% Bu’Lock and Harley-Mason, J., 1951, 703. 

* Horner and Spietschka, Annalen, 1955, 591, 1. 
5 Cf. Kohn, Monatsh., 1910, 31, 747. 

* Inagaki, J. Pharm. Soc. Japan, 1939, 59, 5. 

7 Stoermer and Fincke, Ber., 1909, 42, 3115. 
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(VI; R = H) from which 3-phenylindole was obtained in good overall yield by reductive 
ring contraction with amalgamated zinc and aqueous acetic acid. Until the present work 
was carried out this was the only recorded example of the conversion of a 4-arylcinnoline 
into a 3-arylindole under acidic conditions; Atkinson and Simpson ® had prepared 3-p- 
hydroxyphenylindole in poor yield by reduction of 4-6-hydroxyphenylcinnoline (VI; R = 
OH) with sodium in ethanol, but they obtained only a resin from 4-p-methoxypheny]l- 
cinnoline (VI; R = OMe). 

The amino-olefin (V; R = H) was more conveniently prepared, in excellent yield, by 
dehydration of the crude tertiary alcohol obtained on reaction of o-aminoacetophenone 
with three equivalents of phenyl-lithium; both hydrogen atoms of the amino-group react 
with the lithium reagent.” 

Reaction of /-methoxyphenyl-lithium, from /-bromoanisole and lithium in ether, with 
o-aminoacetophenone followed by dehydration of the resulting crude alcohol gave 1-o- 
aminophenyl-1-p-methoxyphenylethylene (V; R = OMe) together with a small quantity 
of a substance which is probably 1-o-aminophenyl-1-(5-bromo-2-methoxyphenyl)ethylene ; 
Wittig e¢ al., and Miiller and Tépel,!* found that some 5-bromo-2-methoxyphenyl-lithium 
was formed when /-methoxyphenyl-lithium was prepared under the above conditions. 
Treatment of this bromo-amino-olefin with nitrous acid yielded the corresponding 4-aryl- 





OH ~ Cy 
Guu 
n~o NH, 

H 


(IV) (V) (VI) 


cinnoline. Diazotisation of the amino-olefin (V; R = OMe) afforded 4-p-methoxyphenyl- 
cinnoline 18 (VI; R = OMe) which was smoothly reduced to 3-p-methoxyphenylindole by 
amalgamated zinc and acetic acid. Attempts to demethylate 3-p-methoxyphenylindole 
caused extensive decomposition, but treatment of 4-f-methoxyphenylcinnoline with 
hydrobromic acid readily yielded the corresponding phenol *1% (VI; R = OH) from which 
3-p-hydroxyphenylindole was obtained in good yield by reduction in acidic solution. 

Extensign of this sequence to 2,5- and 3,4-dimethoxyphenyl-lithium afforded 3-(2,5- 
and 3-(3,4-dihydroxyphenyl)indole, which were oxidised by sodium iodate to the corre- 
sponding quinones (I; R = H) and (II). These were essentially identical (m. p., mixed 
m. p., infrared and ultraviolet spectrum) with the substances obtained on reaction of indole 
with ethanolic solutions of 1,4- and 1,2-benzoquinone respectively. The slight differences 
in properties may be attributed to traces of decomposition products formed during 
working-up. 

For comparison with 3-(3,4-dihydroxyphenyl)indole, the 3-(2,3-dihydroxy)-compound 
was synthesised in a similar manner from 2,3-dimethoxyphenyl-lithium. It was readily 
oxidised by sodium iodate to black amorphous material. 

The main features of the ultraviolet absorption spectra of the 4-arylcinnolines and 
3-arylindoles are shown in Tables 1 and 2. The similarity of the spectra of the individual 
members of each group establishes the constitutions assigned to them. 

Table 2 also lists the yields of purified 3-arylindoles obtained by ring-contraction of the 
corresponding 4-arylcinnolines with amalgamated zinc and aqueous acetic acid; reduction 


8 Neber, Kndéller, Herbst, and Trissler, Annalen, 1929, 471, 113. 
® Atkinson and Simpson, /., 1947, 1649. 

10 Jones and Gilman, Org. Reactions, 1951, 6, 339. 

11 Wittig, Pockels, and Drége, Ber., 1938, 71, 1903. 

12 Miiller and Tépel, Ber., 1939, 72, 273. 

13 Stoermer and Gaus, Ber., 1912, 45, 3104. 
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TABLE 1. Absorption spectra of substituted 4-phenylcinnolines, in dioxan, tn the 
region 215—350 mu. 


Subst. in Amaz. Amin. Amax. Amin. Amaz. 

4-phenyl group my loge mpu* loge mp * loge mp log € mp log € 
RIS atest esses 227 462 260 358 298 386 311 370 327 3-77 
AN esdivaiinitiane 226-5 460 2625 331 (315) 396 — — 330 402 
eq § (252) 371 292 3-77 308 358 326 3-71 

2,5-(OMe), —....-- 25 0 a0 {340 

° . 5 . . 

3,4-(OMe),  ..--.- mm mae ee Or 
2,3-(OMe), «es 226 89 467-257 3-67 296 373 310 359 325 367 
5-Br-2-OMe  ...... 226 4 8=6 469-265 336 294 368 305 360 327 3-70 
UE. deoctatcadonss 2255 460 264 350 315 397 319 397 331 4-04 
' eg £(255) 366 292 3-78 310 358 327 3-65 

2,5-(OH),  .......-- 2255 4-64 { ‘S09 oa 
nn ae ae Sl Ce CR ae 

a 225 4-60 {‘S. aaa 
2,3-(OH),  .eeeeees 225 465 257 338 298 3-74 312 368 327 3-72 


* Figures in parentheses indicate a pronounced inflexion. 


TABLE 2. Yutelds of substituted 3-phenylindoles obtained from the corresponding 4-phenyl- 
cinnolines; and absorption spectra of the indoles, in dioxan, in the region 215— 


350 mu. 
Subst. in 
3-phenyl Yield Amin. Anan. Ante. Amex. Auta. p a 
group (%) mez loge mp loge mu loge mp loge mu* loge mp* loge 
TE tics 88 — — 2245 448 245 3-74 269 416 — —- —- _- 
4-OMe ...... 76 217-5 4:27 230-5 4-38 245-5 3-97 265 4-21 — — — -- 
= ‘s ‘ . = 291 3-93 
2,5-(OMe), 58 — — 225 4:56 251-5 3-79 270-5 401 287 391 {(Hb) 308 
3,4-(OMe), 49 — — — — 249 4:03 266 4:20 (286) 4-05 — — 
2,3-(OMe) 60 — — 2255 463 249 3:80 272 414 325 1-88 340 1-91 
BORE ccccee 75 218 4:28 232 438 246-5 4:02 2635 420 — ~- a —- 
286 3°85 ¢ 291-5 3-89 
2,5-(OH), 55 — — 224 454 249 3-88 267 3-99 293 3-88 1 309 3-96 
3,4-(OH), 65 223-5 440 228 441 249-5 4-04 262 411 286 3-93 293 3-94 
2,3-(OH), 65 — — 225 460 246 3-91 271 408 325 1-94 350 1-95 


* Figures in parentheses indicate a pronounced inflexion. 


of high-melting cinnolines was facilitated by addition of dioxan. The figures indicate 
the usefulness of the reaction for preparing 3-arylindoles which would otherwise be 
difficultly accessible. 


EXPERIMENTAL 


Reactions with organolithium compounds were carried out under oxygen-free nitrogen. 
Solutions in organic solvents were washed with water unless stated otherwise, and dried 
(Na,SO,). Solvents were removed on the water-bath, where necessary under reduced pressure 
(water-pump). Light petroleum had b. p. 60—80° unless stated otherwise. Dioxan was 
purified as described by Vogel.1* Solids were dried im vacuo. 48% Hydrobromic acid was 
freshly distilled. Amalgamated zinc wool, well washed with water, was freshly prepared for 
each reaction. Peter Spence grade “‘H” alumina was used, and “ Florisil’’ was obtained 
from the Floridin Co. Inc., Warren, Pennsylvania. Sublimation and bulb-to-bulb distillation 
temperatures are those of the heating-bath. Ultraviolet absorption spectra were measured in 
purified * dioxan in a Perkin-Elmer Model 4000 recording spectrophotometer, and infrared 
spectra, in Nujol, in a Perkin-Elmer Model 21 double-beam spectrometer. Absorption is strong 
unless stated otherwise. Figures in parentheses indicate inflexions. M. p.s are corrected. 

3-Phenyldioxindole.—Phenyl]-lithium, from bromobenzene (19-6 g.) and lithium wire (1-8 g.), 
in ether (80 c.c.) was added during 25 min. to a vigorously stirred suspension of finely powdered 

— “* A Text-Book of Practical Organic Chemistry,”” Longmans, Green, and Co., London, 1951, 
P: | Idem, ibid., p. 194, method 2. 
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isatin (7-4 g.) in ether (75 c.c.) at O—5°. The light fawn suspension was stirred at 20° for 2 hr., 
cooled in ice, and decomposed with ice-cold water (75 c.c.). Aqueous 10% sodium hydroxide 
(120 c.c.) was added, and the aqueous layer was removed, extracted with ether (3 x 20 c.c.), 
and warmed on the water-bath to expel dissolved ether. The solution was then stirred, and 
acidified below 10° with 10% hydrochloric acid (210c.c.). After being left at room temperature 
for 3 hr. the precipitate was collected, washed with water, and crystallised from aqueous 
ethanol. Sublimation of the product at 190°/0-01 mm. and crystallisation of the sublimate 
from aqueous ethanol gave the dioxindole (8-5 g., 75%) as needles, m. p. 212—212-5° (lit.,5 
213°) (Found: C, 74-5; H, 4:9; N, 6-3. Calc. for C,,H,,O,N: C, 74-7; H, 4:9; N, 6-2%). 

o-A minobenzophenone.—3-Phenyldioxindole (11-3 g.) was added to vigorously stirred 
aqueous 10% sodium hydroxide (100 c.c.) at 95°, and the suspension was cooled to 80° and 
treated with 10% hydrogen peroxide (50c.c.). The mixture was then heated to 90°: a vigorous 
reaction occurred and the temperature rose to 99°. When the reaction had subsided the mix- 
ture was refluxed for 10 min., diluted with water (150 c.c.), and cooled. Crystallisation of the 
precipitate from ethanol gave the amino-ketone (5-9 g., 60%) as yellow hexagonal plates, m. p. 
106—107° (lit.,6 107°) (Found: C, 79-4; H, 5-6; N, 7-4. Calc. for C,;H,,ON: C, 79-2; H, 
5-6; N, 7-1%). 

o-Aminoacetophenone.—This was prepared as described by Kiang e¢ al.,1® but (a) only 1% 
excess of phosphorus pentachloride was used in the preparation of o-nitrobenzoyl chloride, 
(b) ether (200 c.c.) was added to facilitate stirring during the condensation with diethyl 
malonate, and (c) reduction was effected by adding hydrochloric acid to a mixture of the nitro- 
compound and tin at a rate sufficient to maintain gentle reflux, and then heating at 100° for 
lhr. The amine (85% overall) was obtained as a light greenish-yellow oil, b. p. 60°/0-01 mm. 
(Found: C, 70-8; H, 6-9; N, 10-4. Calc. for C,H,ON: C, 71-1; H, 6-7; N, 10-4%). 

1-0-A minophenyl-1-phenylethylene.—o-Aminoacetophenone (6-75 g.) in ether (50 c.c.) was 
added during 10 min. to a stirred solution of phenyl-lithium, from bromobenzene (27 g.) and 
lithium wire (2-5 g.), in ether (100 c.c.), stirring was continued at room temperature for 1 hr., 
and the mixture was then cooled in ice and decomposed with water (50 c.c.). The ethereal 
phase was separated and washed, and the solvent was removed. The residue was shaken with 
a mixture of concentrated sulphuric acid (25 c.c.) and water (85 c.c.), a little insoluble material 
was removed by extraction with light petroleum (b. p. 40—60°), and the solution was then 
refluxed for 1 hr., cooled, and diluted with water (250 c.c.). An excess of concentrated aqueous 
ammonia was added, the suspension was stirred at 10—15° until the oil solidified, and the 
solid was collected, washed with water, and distilled. Crystallisation of the fraction with b. p. 
110—112°/0-02 mm. from light petroleum (b. p. 40—60°) gave the olefin (8-9 g., 91%) as rods, 
m. p. 77—77-5°, undepressed on admixture with authentic ’? material (Found: C, 86-3; H, 6-7; 
N, 7:2. Calc. for C,,H,,N: C, 86-2; H, 6-7; N, 7:2%). 

4-Phenylcinnoline.—The foregoing olefin (3-9 g.) was dissolved in 10% hydrochloric acid 
(40 c.c.), and the solution, cooled in ice, was treated with a slight excess of aqueous 7% sodium 
nitrite. Water (20 c.c.) was added, stirring at 0° was continued for 30 min., and the suspension 
was then basified below 10° with concentrated aqueous ammonia. The precipitate was 
collected, triturated with dilute ammonia and then with water, and distilled, the fraction with 
b. p. 138—140°/0-02 mm. (a yellow viscous oil) being crystallised from light petroleum to give 
the cinnoline (3:6 g., 88%) as yellow needles, m. p. 65-5—66° (lit.,7 67—-67-5°) (Found: C, 81-5; 
H, 5-0; N, 13-7. Calc. for C,,H, N,: C, 81-6; H, 4:9; N, 13-6%). 

3-Phenylindole—A mixture of 4-phenylcinnoline (2-1 g.), amalgamated zinc wool (4 g.), 
acetic acid (3-5 c.c.), and water (7-5 c.c.) was refluxed for 2 hr., cooled, and diluted with water 
(25 c.c.). The precipitate was isolated by extraction with ether, and crystallised from light 
petroleum to give the indole (1-7 g., 88%) as plates, m. p. 87—88° undepressed on admixture 
with authentic 2” material (Found: C, 87-2; H, 6-0; N, 7:5. Calc. for C,,H,,N: C, 87-0; H, 
5-7; N, 7-3%). 

1-0-Aminophenyl-1-p-methoxyphenylethylene and  1-0-Aminophenyl-1-(5-bromo-2-methoxy- 
phenyl)ethylene.—o-Aminoacetophenone (6-75 g.) in ether (50 c.c.) was added during 10 min. to 
a stirred and ice-cooled solution of p-methoxyphenyl-lithium,'* from p-bromoanisole (37-4 g.) 


16 Kiang, Mann, Prior, and Topham, /J., 1956, 1319. 

17 Fischer and Schmidt, Ber., 1888, 21, 1811. 

18 Gilman, Zoellner, and Selby, J]. Amer. Chem. Soc., 1932, 54, 1957; Gilman and Benkeser, ibid., 
1947, 69, 123. 
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and lithium (3-8 g.), in ether (100 c.c.), and stirring was then continued at room temperature 
for 2hr. The mixture was decomposed at 0° with water (75 c.c.), and the ethereal phase was 
separated, combined with an ether extract of the aqueous phase, and then washed and dried. 
Removal of the solvent and distillation of the residue afforded a yellow very viscous oil, b. p. 
148—150°/0-03 mm., which largely solidified. This was shaken with a mixture of concentrated 
sulphuric acid (10 c.c.) and water (120 c.c.), a little undissolved solid was removed by filtration, 
and the filtrate was extracted with ether, then with light petroleum, and heated on the boiling- 
water bath for 2 hr. The solution was cooled, diluted with water (130 c.c.), and basified with 
concentrated ammonia solution. The precipitate was isolated by extraction with ether and 
distilled, giving an orange oil, b. p. 130—135°/0-03 mm., which was stirred with 10% hydro- 
chloric acid (100 c.c.) on the water-bath for 15 min. A colourless solid (A) separated and, after 
being cooled, was collected. The filtrate was basified with ammonia, and the precipitate, 
isolated by ether-extraction, was distilled to give an orange viscous oil, b. p. 132—134°/0-07 mm., 
from which pale fawn prisms, m. p. 49—50°, were obtained by fractional crystallisation from 
light petroleum. This product, in benzene, was chromatographed on alumina (50 x 12 mm.), 
and the column was eluted with benzene. Removal of the solvent from the eluate left a colour- 
less oil (4:75 g., 42%) which solidified, m. p. 49-5—50°, and, on being crystallised from light 
petroleum (b. p. 40—60°), gave 1-0-aminophenyl-1-p-methoxyphenylethylene as needles, m. p. 
50-5° (lit.,18 49°) (Found: N, 6-4. Calc. for C,;H,,ON: N, 6-2%). The solid (A) was washed 
with water, dried, and sublimed at 115°/0-01 mm. Crystallisation of the sublimate from light 
petroleum gave 1-o-aminophenyl-1-(5-bromo-2-methoxyphenyl)ethylene (1-15 g., 8%) as prisms, 
m. p. 111° (Found: C, 59-4; H, 4:7; N, 4-5; Br, 26-1. C,;H,,ONBr requires C, 59-2; H, 4-6; 
N, 4:6; Br, 26-3%). 
4-(5-Bromo-2-methoxyphenyl)cinnoline.—Sodium nitrite (75 mg.) in water (2 c.c.) was added 
during 5 min. to a stirred, ice-cooled suspension of the foregoing amino-bromo-olefin (0-30 g., 
finely powdered) in a mixture of water (13-5 c.c.) and concentrated hydrochloric acid (1-5 c.c.), 
and the orange suspension was then stirred at room temperature for 2 hr. An excess of con- 
centrated ammonia solution was added, and the precipitate, isolated by extraction with 
benzene, was distilled (bulb-to-bulb, 195°/0-04 mm.) to give a viscous oil which solidified and, 
on being crystallised from light petroleum (b. p. 100—120°), afforded the cinnoline as pale yellow 
needles, m. p. 138—138-5° (Found: C, 57-3; H, 3-6; N, 8-9; Br, 25-2. C,,H,,ON,Br requires 
C, 57-2; H, 3-5; N, 8-9; Br, 25-4%). 
4-p-Methoxyphenylcinnoline.—1-o-Aminophenyl-1-p-methoxyphenylethylene (4:25 g.) was 
treated as described for 4-phenylcinnoline, but benzene was used to isolate the crude product. 
Distillation of this, and crystallisation of the fraction with b. p. 176—178°/0-06 mm. from light 
petroleum, gave the cinnoline as yellow stout needles (3-6 g., 81%), m. p. 85° (lit.,15 85°) (Found: 
N, 11-7. Calc. for C,,H,,ON,: N, 11-9%). 
3-p-Methoxyphenylindole.—4-p-Methoxyphenylcinnoline (2:4 g.) was reduced as described 
for 3-phenylindole, but the material obtained by extraction with ether was distilled to give a 
pale yellow oil, b. p. 160°/0-04 mm., which solidified and, after being crystallised several times 
from light petroleum (b. p. 80—100°), afforded 3-p-methoxyphenylindole (1-7 g., 76%) as needles, 
m. p. 134° (Found: C, 80-7; H, 5-9; N, 6-5. C,;H,,ON requires C, 80-7; H, 5-8; N, 63%). 
4-p-Hydroxyphenylcinnoline.—A mixture of 4-p-methoxyphenylcinnoline (4-72 g.) and 48% 
hydrobromic acid (35 c.c.) was stirred and refluxed for 75 min., cooled, and filtered, and the 
yellow solid was then boiled for 5 min. with water (100 c.c.). A slight excess of ammonia was 
added, boiling was continued for 5 min., the mixture was cooled and filtered, and the solid was 
washed with water and dried. Sublimation of the product at 225°/0-02 mm., trituration of the 
sublimate with light petroleum (15 c.c.), and crystallisation of the insoluble material from 
butan-l-ol gave the cinnoline (3-75 g., 84%) as orange-yellow irregular crystals, m. p. 237— 
238° (lit.,%1* 234—235°, 230°) (Found: N, 12-6. Calc. for C,,H,,ON,: N, 12-6%). 
3-p-Hydroxyphenylindole.—A mixture of 4-p-hydroxyphenylcinnoline (1-11 g.), amalgamated 
zinc wool (2 g.), glacial acetic acid (2-5 c.c.), dioxan (2-5 c.c.), and water (5 c.c.) was refluxed for 
24 hr., cooled, and diluted with water (12 c.c.). The precipitate was isolated by extraction with 
ethyl acetate, and sublimed, in a vertical tube, at 145°/0-01 mm. to give an upper diffuse band 
(65 mg.) which was discarded, and a lower band of almost colourless needles from which, by 
crystallisation from benzene, the indole (0-78 g., 75%) was obtained as colourless needles, m. p. 
150-5—151° raised to 151-5—152° by resublimation and recrystallisation (lit.,° golden, m. p. 
152—154°) (Found: N, 7-0. Calc. for C,,H,,ON: N, 6-7%). 
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1-0-A minophenyl-1-(2,5-dimethoxyphenyl)ethylene.—1,4-Dimethoxybenzene (34-5 g.) in ether 
(75 c.c.) was added during 15 min. to a stirred solution of n-butyl-lithium, from n-butyl bromide 
(41 g.) and lithium (4-5 g.), in ether (150 c.c.) cooled in an ice-bath, and stirring was then 
continued for 5 hr. at 18°. The solution was cooled in ice, o-aminoacetophenone (10-1 g.) in 
ether (75 c.c.) was added during 20 min., and the brown mixture was stirred at room temper- 
ature for 5 hr. and then decomposed at 0° with water (80 c.c.). The ethereal phase, combined 
with an ether extract of the aqueous phase, was washed with water, and dried. Removal of 
the solvent and distillation of the residue gave, as the last fraction, a pale yellowish-green oil 
(11-1 g.), b. p. 165—168°/0-01 mm. This was shaken with a mixture of concentrated sulphuric 
acid (10 c.c.) and water (120 c.c.) until no further material dissolved, a small quantity of oil 
was removed by extraction with ether, and the orange aqueous phase was heated on the boiling- 
water bath for 2 hr. The solution was cooled (the base sulphate separated as short blades) and 
basified with concentrated aqueous ammonia, and the precipitate, isolated by extraction with 
ether, was distilled to give a pale yellowish-green oil (9-5 g., 50%), b. p. 142—143°/0-02 mm., 
which solidified, m. p. 55-5—56-5°. Crystallisation of this from light petroleum (b. p. 40—60°) 
gave the ethylene as rhombic prisms, m. p. 57—57-5° (Found: C, 75-5; H, 6-7; N, 5:3. 
C,,H,,0O,N requires C, 75-3; H, 6-7; N, 5-5%). 

4-(2,5-Dimethoxyphenyl)cinnoline.—The foregoing amino-olefin (9 g.) was refluxed for 5 min. 
with 8% hydrochloric acid (105 c.c.), and the mixture, vigorously stirred, was cooled to 0° and 
treated with sodium nitrite (2-8 g.) in water (40 c.c.). The cinnoline hydrochloride separated 
as a deep orange-red sludge which, soon after addition of the nitrite had been completed, rapidly 
became chocolate-brown. After 1 hour’s stirring at room temperature the suspension was 
cooled in ice and basified with concentrated ammonia solution. The precipitate, isolated by 
extraction with benzene, was triturated with ether (25 c.c.) to give a yellow powder (A), m. p. 
126-5—127-5°. Distillation (bulb-to-bulb, 205°/0-01 mm.) of the ether-soluble fraction afforded 
unchanged amino-olefin (1-6 g.) which was treated as above, and the ether-insoluble product 
was combined with (A) and crystallised (charcoal) from light petroleum (b. p. 100—120°) to 
give sulphur-yellow needles (7-95 g., 85%), m. p. 129°. Sublimation at 128°/0-01 mm. and 
crystallisation of the sublimate from light petroleum (b. p. 100—120°) afforded the cinnoline as 
bright greenish-yellow needles, m. p. 130° (Found: C, 72-2; H, 5:3; N, 10-6. C,.H,,O,N, 
requires C, 72:2; H, 5-3; N, 10-5%). 

3-(2,5-Dimethoxyphenyl)indole.—A mixture of the foregoing cinnoline (0-27 g.), amalgamated 
zinc wool (0-4 g.), glacial acetic acid (0-5 c.c.), dioxan (0-5 c.c.), and water (1 c.c.) was refluxed 
for 2} hr., cooled, and diluted with water (2 c.c.). The precipitate was isolated by extraction 
with ether, triturated with boiling light petroleum (4 c.c.), and the insoluble material was 
distilled (bulb-to-bulb, 170°/5 x 10-3 mm.) to give a colourless oil from which, by crystallisation 
from benzene-light petroleum, the indole (0-15 g., 58%) was obtained as hexagonal plates, m. p. 

114-5° (Found: C, 75-6; H, 5-9; N, 5-8. C,,H,,O,N requires C, 75-9; H, 5-9; N, 5-5%). 

4-(2,5-Dihydroxyphenyl)cinnoline.—A mixture of 4-(2,5-dimethoxypheny])cinnoline (5-32 g.) 

and 48% hydrobromic acid (55 c.¢.) was stirred and refluxed for 3 hr., then cooled, and the deep 
maroon needles which separated were collected, suspended in water (100 c.c.), and decomposed 
by the addition of a slight excess of aqueous 10% ammonia. The suspension was boiled for 
10 min., then cooled, and the yellow solid was collected, washed with water, and dried. Sublim- 
ation at 230°/5 x 10° mm. gave yellow needles (4:35 g., 91%), m. p. 281—284° (decomp.). 
Two further sublimations of this product afforded the cinnoline as bright yellow needles, m. p. 
285—287° after becoming brown at 277° (Found: C, 70-6; H, 4:5; N, 12-1. C,gH,jO.N, 
requires C, 70-6; H, 4-2; N, 11-8%). The solution in aqueous 5% sodium hydroxide was deep 
wine-red, slowly changing to brown when exposed to air. 

3-(2,5-Dihydroxyphenyl)indole-—The foregoing cinnoline (1-2 g.) was reduced as described 

for 3-p-hydroxyphenylindole, and the glass which remained after remdval of the ethyl acetate 
was refluxed with benzene (20 c.c.) until crystallisation (initiated by scratching) was complete 
(3 hr.). The suspension was cooled and filtered, and the solid (0-80 g.) was combined with 
further crystalline material (0-09 g.) obtained by concentration of the mother liquor. The 
product was refluxed with benzene (5 c.c.) for 30 min., the hot suspension was filtered, and the 
pale pink solid was distilled (bulb-to-bulb, 200—205°/4 x 10% mm.). The orange distillate was 
dissolved in boiling ethyl acetate (12 c.c.), light petroleum (30c.c.; b. p. 100—120°) was added, 
and the solution, under nitrogen, was concentrated on the steam-bath until it became just turbid. 
Crystallisation was induced by scratching, and the solution was then left overnight at room 
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temperature. Rectangular prisms (0-60 g., 55%), m. p. 163-5—165°, slightly contaminated on 
the surface by olive-green material, separated and, on being sublimed at 150°/3 x 10% mm., 
afforded the indole as very pale yellow prisms, m. p. 164-5—165° (Found: C, 75-0; H, 5-0; 
N, 6-5. C,,H,,O,N requires C, 74:7; H, 4:9; N,6-2%). Thesolution in aqueous 5% sodium 
hydroxide was deep green, changing in air to brown and eventually depositing a brown 
flocculent precipitate. 

3’-Indolyl-1,4-benzoquinone.—(a) Sodium iodate hydrate (0-25 g.) in ethanol—water (3 c.c., 
15 c.c.) was added to 3-(2,5-dihydroxyphenyl)indole (0-25 g.) in ethanol—water (7 c.c., 25 c.c.), 
the mixture was left at room temperature for 6 hr., and the precipitate was collected, washed 
with aqueous 15% ethanol and then with water, and dried. The product (0-15 g.), m. p. 
134-5—135-5°, was extracted with ethanol (25c.c.) at 50° for 15 min., the insoluble material was 
removed, and the filtrate, cooled to 0°, was diluted with water (75 c.c.) at 5°. After 30 min. 
at room temperature the precipitate was collected, washed as above, and dried (P,O;) to 
give the quinone (90 mg., 36%) as deep violet needles, m. p. 135-5—136-5° (Found: C, 74-5; 
H, 4:1; N, 5-9. Calc. for C,,H,O,N: C, 75-3; H, 4:0; N, 63%), Amex. 221, 258, 502 my (log 
e 4-52, 4-32, 3-65), Amin 241, 348 my (log ¢ 4-19, 2-94), vagy 3196, 1670, 1644, 1604, (1568) (m), 
1558 cm.. 

(b) The preparation described by Bu’Lock and Harley-Mason * could not be repeated, and 
the following modification was used. Concentrated hydrochloric acid (5 drops) was added to a 
stirred solution of indole (1 g.) and 1,4-benzoquinone (2 g.) in ethanol (100 c.c.) at 8°, stirring at 
7—8° was continued for 15 min., and water (300 c.c.) was then added. After 8 hr. at room 
temperature the precipitate was collected, washed with aqueous 30% ethanol and then with 
water, and dried (yield 0-32 g.). The solid was heated at 50° with ethanol (20 c.c.) for 10 min., 
the insoluble fraction [(A), 90 mg.] was collected, and the mother-liquor was cooled in solid 
carbon dioxide for 5 hr., and then filtered [solid (B), 77 mg.]. The filtrate was concentrated at 
ca. 40°/50 mm. to 6 c.c., solid (A) was added, and the suspension was shaken at 45—50° for 
10 min., and filtered [solid (C)], the filtrate being cooled overnight in solid carbon dioxide to 
yield further product [(D), 37 mg.]._ Substance (C) was refluxed with ethanol (5 c.c.) for 5 min., 
the insoluble material (60 mg.), m. p. < 200°, was removed, and the mother-liquor was diluted 
at 0° with water (10 c.c.) to yield solid [(E), 12 mg.]. Products (B), (D), and (E) were combined 
and extracted with ethanol (20 c.c.) at 50° for 10 min., and the extract, after being filtered, was 
cooled to 0° and diluted with water (50 c.c.) at 5°. After 10 min. the precipitate was collected, 
washed with aqueous 25% ethanol and then with water, and dried (P,O,) to give the quinone 
(100 mg., 5%) as deep violet small needles, m. p. 137-5—138-5° undepressed on admixture with 
material prepared by method (a) (lit.,3 violet-black, decomp. without melting at ca. 140°) 
(Found: C, 74:8; H, 41; N, 6:2%), Amax, 221, 258, 503 my (log e 4-52, 4:32, 3-66), 
Amin. 241, 346 my (log ¢ 4-18, 2-66), vmgx, 3183, 1671, 1645, 1607, 1569, 1559 cm.4. Addition of 
water to an ethanolic solution of either of these products precipitated the quinone as a mixture 
of pink, blue, and intensely violet needles, but after several hours the suspension contained only 
the violet form. 

4-Bromoveratrole.—Bromine (80 g.) in glacial acetic acid (300 c.c.) was added during 2 hr. to 
veratrole (69 g.) in acetic acid (200 c.c.) stirred at 5—10°, stirring was continued for 30 min. at 
10—15°, and the solvent was removed at ca. 40°/20 mm. The residual oil, in light petroleum 
(259 c.c.), was washed with aqueous 5% sodium hydroxide, then with water, and dried. 
Distillation through a short Dufton column afforded 4-bromoveratrole (82 g., 76%), b. p. 69— 
70°/0-04 mm. 

1-0-A minophenyl-1-(3,4-dimethoxyphenyl) ethylene —4-Bromoveratrole (36 g.) in ether (100 
c.c.) was added during 50 min. to a vigorously stirred solution of n-butyl-lithium, from n-butyl 
bromide (27-5 g.) and lithium (3 g.), in ether (220 c.c.) at —70° to — 65°, and the pale grey thick 
suspension was then allowed to warm ™ during 14 hr. to —45°. The mixture was diluted with 
ether (50 c.c.) and then, at —40°, o-aminoacetophenone (7-4 g.) in ether (50 c.c.) was added 
during 30 min. The bright yellow suspension was stirred at room temperature for 2} hr. (it 
became brown), left overnight, and then decomposed at 0° with water (80c.c.). The ethereal 
phase, combined with an ether extract of the aqueous phase, was washed and dried, the solvent 
was removed, and the residue was distilled. The fraction with b. p. 158—160°/0-01 mm. was 
shaken with a mixture of concentrated sulphuric acid (10 c.c.) and water (120 c.c.) until no 
further material dissolved, a little insoluble oil was removed by extraction with ether, and the 


1® Cf. Howell and Taylor, J., 1956, 4252. 
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orange aqueous solution was then heated on the boiling-water bath for 2 hr. Water (120 c.c.) 
was added, the solution was basified with concentrated aqueous ammonia, and the precipitate 
was collected, washed with water, dried, and triturated with ether (50 c.c.). Distillation of the 
insoluble material gave an oil (4-8 g., 34%), b. p. 158—160°/0-01 mm., which solidified, m. p. 
141—142°, and, after two crystallisations from light petroleum (b. p. 100—120°), afforded the 
ethylene as rhombic plates, m. p. 142-5° (Found: C, 75-5; H, 6-8; N, 5-3. ©C,,H,,O,N requires 
C, 75-3; H, 6-7; N, 5°5%). 

4-(3,4-Dimethoxyphenyl)cinnoline.—A stirred solution of the foregoing olefin (4-1 g.) in hot 
9% hydrochloric acid (55 c.c.) was cooled to 0°, then treated with sodium nitrite (1-3 g.) in water 
(20 c.c.), and the resulting yellow suspension was stirred at room temperature for 1 hr., cooled 
in ice, and basified with concentrated aqueous ammonia. Ether (40 c.c.) was added, vigorous 
stirring was continued until the precipitate had become finely divided, and the suspension was 
filtered, the solid being triturated with water and then, after drying, with a little ether. The 
insoluble material (m. p. 111—113°, resolidifying at ca. 116°, and remelting at 147—150°) was 
subjected to short-path distillation at 155—160°/0-01 mm., and the distillate was crystallised 
from light petroleum (b. p. 100—120°) to give the cinnoline (3-3 g., 77%) as pale yellow blades, 
m. p. 152° raised to 152-5° by redistillation and recrystallisation (Found: C, 72-4; H, 5-4; N, 
10-4. C,,.H,,O,N, requires C, 72-2; H, 5:3; N, 10-5%). 

3-(3,4-Dimethoxyphenyl)indole-—A mixture of the foregoing cinnoline (0-13 g.), amalgamated 
zinc wool (0-2 g.), glacial acetic acid (0-25 c.c.), dioxan (0-25 c.c.), and water (0-5 c.c.) was 
refluxed for 24 hr., cooled, and diluted with water (1 c.c.). The precipitate, isolated by extrac- 
tion with 3: 1 ether-ethyl acetate, was triturated with boiling light petroleum (3 c.c.), and the 
insoluble material was sublimed at 140°/5 x 10% mm. Crystallisation of the sublimate from 
benzene-light petroleum (3:7) gave the indole (60 mg., 49%) as rhombic prisms, m. p. 144— 
145° raised by resublimation and recrystallisation to 148° (Found: C, 75-7; H, 6-1; N, 5-5. 
C,,H,;O,N requires C, 75-9; H, 5-9; N, 5-5%). 

4-(3,4-Dihydroxyphenyl)cinnoline.—A solution of 4-(3,4-dimethoxyphenyl)cinnoline (2-65 g.) 
in 48% hydrobromic acid (100 c.c.) was stirred and refluxed for 3 hr., then cooled, and the 
orange platelets which separated were collected and suspended in water (100 c.c.). A slight 
excess of concentrated aqueous ammonia was added, the yellow suspension was boiled for 
10 min., and the solid was collected, washed with water, and dried. Sublimation at 
230°/5 x 10°? mm. gave the cinnoline (2-2 g., 92%) as bright yellow needles, m. p. 265—266° 
(decomp.). Crystallisation from glacial acetic acid followed by two further sublimations at 
220°/5 x 10° mm. raised the m. p. to 266—268° (decomp.) (Found: C, 70-7; H, 4-3; N, 12-0. 
C,,H,O,N, requires C, 70-6; H, 4:2; N, 11-8%). The solution in aqueous 5% sodium 
hydroxide was intensely blood-red, becoming brown in air. 

3-(3 : 4-Dihydroxyphenyl)indole.-—The foregoing cinnoline (1-2 g.) was reduced as described 
for 3-p-hydroxyphenylindole, and the product obtained by removal of the ethyl acetate was 
crystallised from benzene to give irregular plates which were then distilled (bulb-to-bulb, 200— 
205°/5 x 10° mm.). Crystallisation of the distillate from benzene, under nitrogen, afforded 
plates (0-73 g.), m. p. 126-5—-127°, from which, by distillation (bulb-to-bulb, 200°/4 x 10° mm.) 
and recrystallisation of the distillate, the indole was obtained as blades, m. p. 127-5° (Found: 
C, 74:4; H, 4-9; N, 6-3. C,,H,,O,N requires C, 74-7; H, 4-9; N, 6-2%). The solution in 
aqueous 5% sodium hydroxide was intensely blue, changing rapidly to green and then slowly 
to brown. 

4-3’-Indolyl-1,2-benzoquinone.—(a) Sodium iodate hydrate (0-25 g.) in ethanol—water (3 c.c., 
10 c.c.) was added all at once to a solution of the foregoing indole (0-25 g.) in ethanol—water 
(15 c.c., 25 c.c.), and the resulting deep blue solution was left at room temperature for 20 min. 
Water (15 c.c.) was added and then, after 5 hr., the precipitate was collected, washed with 
aqueous 15% ethanol and with water, and dried. The product was shaken for 30 min. with 
acetone (5 c.c.), collected, and dried (P,O;), to give the quinone (0-20 g., 81%) as deep blue 
needles with a strong bronze reflex, m. p. 175—176° (Found: C, 74:5; H, 4-3; N, 6-6. Calc. 
for C,,H,O,N: C, 75-3; H, 4:0; N, 63%), Amax. (247), 286, 355, 487 my (log « 4-16, 4-06, 3-71, 
3-80), Amin. 270, 323, 405 my (log ¢ 3-99, 3-57, 3-31), vmax, 3171, 1674(m), 1621, 1594, 1540 cm.*?. 

(b) Indole (0-2 g.) was treated with 1,2-benzoquinone (0-4 g.) as described by Bu’Lock and 
Harley-Mason,? but, instead of being recrystallised, the product was washed successively with 
aqueous 50% ethanol, water, and acetone, and dried (P,O,), to give the quinone (0-17 g., 45%) 
as deep blue needles, m. p. 176° undepressed on admixture with material prepared by method (a) 
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{lit., 160° (decomp.)] (Found: C, 74:3; H, 4:3; N, 6-0%), Amax, (247), 285-5, 356, 488 my 
(log ¢ 4-15, 4-04, 3-71, 3-75), Amin, 271, 323, 409 muy (log ¢ 4-00, 3-63, 3-45), Vmax, 3181, 1678, (1621), 
(1610), 1595, 1543 cm.*. 

1-o-A minophenyl-1-(2,3-dimethoxyphenyl)ethylene.—Veratrole (48-3 g.) in ether (100 c.c.) 
was added during 30 min. to a stirred solution of n-butyl-lithium, from n-butyl bromide (55 g.) 
and lithium (6-2 g.), in ether (200 c.c.) at 15°, and stirring was continued for 3 hr. more. The 
grey suspension was cooled in ice, vigorously stirred, and to itwas added during 30 min. o-amino- 
acetophenone (15-8 g.) in ether (100 c.c.). Stirring was continued at room temperature for 
3 hr., water (150 c.c.) was added dropwise at 0°, and the mixture was filtered. The ethereal 
phase was separated, washed with aqueous 10% sodium hydroxide, then with water, and dried. 
The solvent was removed, the residue was distilled, and the fraction with b. p. 148— 
155°/0-01 mm. was shaken with a mixture of concentrated sulphuric acid (16 c.c.) and water 
(200 c.c.) until no further material dissolved. A little insoluble oil was removed by extraction 
with ether, and the aqueous phase was then heated on the boiling-water bath for 2 hr., cooled, 
and diluted with water (150 c.c.). An excess of concentrated aqueous ammonia was added 
and the precipitate, isolated by extraction with ether, was distilled. Crystallisation of the 
fraction with b. p. 135—155°/0-01 mm. from light petroleum (250 c.c.) gave the olefin as 
hexagonal tablets [(A), 8-75 g.], m. p. 102—102-5°. The mother-liquor was filtered through 
alumina (100 x 30 mm.), and the eluate was concentrated to yield further solid, m. p. 101-5— 
102-5°, which was combined with (A) (total 9-88 g., 33%). Distillation (bulb-to-bulb, 
175°/0-01 mm.) and crystallisation of the distillate from light petroleum raised the m. p. to 
103-5—104° (Found: C, 75-1; H, 6-6; N, 5:2. C,,H,,O,N requires C, 75:3; H, 6-7; N, 
55%). 

4-(2,3-Dimethoxyphenyl)cinnoline.—Sodium nitrite (2-45 g.) in water (40 c.c.) was added 
during 30 min. to a vigorously stirred solution of the foregoing olefin (8-92 g.) in 7% hydro- 
chloric acid (125 c.c.) at 0°, and the orange solution was stirred at room temperature for 1 hr., 
then cooled to 0° and basified with ammonia. The precipitate was extracted with benzene, and 
the extract was washed with aqueous 10% sodium hydroxide, then with water, and dried. 
Removal of the solvent and distillation of the residue gave material, b. p. 172— 
175°/7 x 10% mm., which on crystallising (charcoal) from light petroleum (b. p. 100—120°) 
afforded the cinnoline (7-8 g., 81%) as pale yellow prisms, m. p. 119—120°. Sublimation at 
130°/5 x 10° mm. and then recrystallisation raised the m. p. to 120-5—121° (Found: C, 72-2; 
H, 5-4; N, 10-4. C,,H,,O,N, requires C, 72-2; H, 5:3; N, 10-5%). 

3-(2,3-Dimethoxyphenyl)indole.—A mixture of the foregoing cinnoline (0-54 g.), amalgamated 
zinc wool (0-8 g.), glacial acetic acid (1 c.c.), dioxan (1 c.c.), and water (2 c.c.) was refluxed for 
24 hr., cooled, and diluted with water (5c.c.). The precipitate was isolated by extraction with 
ether, washed with aqueous 10% sodium hydroxide and then with water, and distilled (bulb-to- 
bulb, 180°/5 x 10% mm.). Crystallisation of the distillate from light petroleum (b. p. 80— 
100°) gave irregular crystals contaminated by mauve material, which was removed by chrom - 
atography, in benzene, on alumina (60 x 8 mm.). Evaporation of the eluate, distillation of 
the residue as above, and crystallisation of the distillate from light petroleum then yielded the 
indole (0-31 g., 60%) as prismatic needles, m. p. 95—95-5° (Found: C, 76-2; H, 6-1; N, 5-7. 
C,,H,;0,N requires C, 75-9; H, 5-9; N, 5-5%). 

4-(2,3-Dihydroxyphenyl)cinnoline.—A solution of 4-(2,3-dimethoxyphenyl)cinnoline (3-99 g.) 
in 48% hydrobromic acid (45 c.c.) was stirred and refluxed for 3 hr., then cooled to 0°, and 
the deep red platelets which separated were collected, suspended in water (100 c.c.), and just 
basified with aqueous 10% ammonia. The yellow suspension was boiled for 10 min., then 
cooled, and the solid was collected, washed with water, and dried. Sublimation at 
235°/5 x 10° mm. then gave yellow needles (3-26 g., 91%), m. p. 272—282° (decomp.). A 
portion (0-6 g.) of this material was refluxed for 30 min. with ethanol (10 c.c.), and the hot 
suspension was filtered. The solid was washed with hot ethanol and sublimed at 
235°/5 x 10° mm., and the sublimate was refluxed for 1 hr. with ethanol (10 c.c.), to give the 
cinnoline (0-5 g.) as yellow needles, m. p. 277—281° (decomp.) after becoming green at 274° 
(Found: C, 70-8; H, 4:3; N, 12-1. C,,H,O,N, requires C, 70-6; H, 4-2; N, 118%). The 
solution in aqueous 5% sodium hydroxide was deep wine red, slowly becoming brown in air. 

3-(2,3-Dihydroxyphenyl)indole.—The foregoing cinnoline (1-2 g.) was reduced as described 
for 3-p-hydroxyphenylindole, and the material remaining after removal of the ethyl acetate 
was distilled (bulb-to-bulb, 210°/5 x 10 mm.). The glass obtained did not crystallise, and 
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consequently the indole was purified via its adduct with 1,3,5-trinitrobenzene. The trinitro- 
compound (1-3 g.) in hot benzene (5 c.c.) was added to the distillate (1-07 g.), also in benzene 
(10 c.c.), and the solution was heated to the b. p., diluted with light petroleum (1-7 c.c.), and 
left to cool. The adduct (1-8 g.) separated as reddish-brown needles, m. p. 131-5—132-5° un- 
changed by recrystallisation (Found: C, 54-7; H, 3-5; N, 12-4. C,9H,,O,N, requires C, 54-8; 
H, 3-2; N,12-8%). Dilution of the mother-liquor with light petroleum afforded further adduct 
(0-15 g., total 1-95 g., 94%). This product (1-75 g.) in benzene (40 c.c.) was chromatographed 
on “ Florisil’”’ (250 x 20 mm.) which had been swept with nitrogen, and the column was 
eluted first with benzene (200 c.c.) to remove 1,3,5-trinitrobenzene, and then with ethyl 
acetate (130 c.c.), the first 30 c.c., containing benzene, being rejected. Removal of the ethyl 
acetate from the remainder of the eluate left a glass which was twice distilled (bulb-to-bulb, 
220°/5 x 10° mm.), to give the indole (0-62 g., 69% based on adduct) as a light yellow glass, 
softening point ca. 25° (Found: C, 74:4; H, 5-0; N, 6-5. C,,H,,O,N requires C, 74-7; H, 4-9; 
N, 6:2%). The solution in aqueous 5% sodium hydroxide was yellow, becoming green and 
then red-brown in air. 

Oxidation of 3-(2,3-Dihydroxyphenyl)indole.—The indole (0-25 g.) was treated with sodium 
iodate as described for 4-3’-indolyl-1,2-benzoquinone. The solution became green, then blue, 
and, after 10 sec., a brown turbidity developed. After 4 hr. the thixotropic precipitate was 
collected, washed with aqueous 25% ethanol, then with water, and dried (P,O;), to give a black 
powder (0-22 g.), m. p. 168—178° (Found: C, 70-9; H, 4-6; N, 5-8%). 


This work was carried out during the tenure of an Imperial Chemical Industries Research 
Fellowship. 
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478. The Interaction of Polynitro-aromatic Hydrocarbons with a 
Variety of Electron Donors. 


By R. E. MILLer and W. F. K. WyYNNE-JONEs. 


The interaction of 1,3,5-trinitrobenzene with a wide variety of electron 
donors has been studied in a range of solvents. The reaction products fall 
into two distinct classes depending on the donor. Complexes of the first type 
are formed by typical ’onium or ’onium-anion donors and their properties 
indicate an ionic structure. Those of the second type are formed by typical 
7 donors and do not show salt-like properties. 

Proton transfers do not appear to be involved in the-formation of com- 
plexes by 1,3,5-trinitrobenzene but electron transfers probably occur. 

The difference between the two types of product is best explained by 
assuming that complexes of the first type involve complete transfer of an 
electron from donor to acceptor with the formation of an ionic structure. 
Complexes of the second type are consistent with Mulliken’s concept of a 
hybrid involving a dative and a no-bond structure. 

In solutions of complexes of the first type slow irreversible secondary 
reactions occur. These are probably aromatic nucleophilic substitutions. 

Both 2,4,6-trinitrotoluene and 2,4,6-trinitro-m-xylene react with amines 
but the systems are complicated because proton transfers can occur as well 
as the electron transfers encountered in similar systems involving 1,3,5- 
trinitrobenzene. 


ALTHOUGH the reaction products of 1,3,5-trinitrobenzene with aromatic amines and hydro- 
carbons are well known, being usually highly coloured solids with rather low heats of 
formation, and apparently formed instantaneously in solution, those with aliphatic amines 
have received little attention. We now describe the reactions of 1,3,5-trinitrobenzene 
with a wide variety of aromatic and aliphatic electron donors, and draw some broad 
conclusions. 
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It has been suggested that 1,3,5-trinitrobenzene may react with an amine in a proton- 
transfer reaction. Thus Lewis and Seaborg? concluded that the small conductivity of its 
solutions in pyridine ? must be due to proton transfer. Farr, Bard, and Wheland ® also 
claim that proton transfers occur in liquid ammonia solutions of m-dinitrobenzene. 
Kharasch, Brown, and McNab‘ report that 1,3,5-trinitrobenzene undergoes hydrogen 
exchange in the presence of alcoholic sodium hydroxide, although the experimental condi- 
tions were somewhat severe. 

On the other hand, Field, Garner, and Smith 5 conclude that proton transfers do not 
occur in liquid ammonia solutions of m-dinitrobenzene and Ketelaar, Bier, and Vlaar ® 
report that the reaction between 1,3,5-trinitrobenzene and aqueous sodium hydroxide is 
not a proton transfer. 

This conflicting evidence made reinvestigation desirable, and exchange measurements 
have been carried out on typical systems with small amounts of heavy water added. 


EXPERIMENTAL 


Light-absorption was measured with a Unicam quartz photoelectric spectrophotometer 
S.P. 500 having a thermostatted cell compartment, normally at 25° or 40°. Most measurements 
employed a pair of matched silica 5 mm. cells having tightly fitting stoppers. 

A Tinsley electrolytic conductivity bridge, type 4896, was used for all electrical-conductance 
measurements. The cells, which were of Monax glass and had a ground glass stopper, carried 
as electrodes smooth platinum plates which appeared not to catalyse the reaction. 

The trinitrobenzene was recrystallised two or three times from ethanol. Aliphatic amines, 
normally of B.D.H. Laboratory Reagent grade, were dried (NaOH) and distilled, the middle 
fraction being collected. Aromatic amines were treated similarly and were then distilled from 
a little zinc dust. ‘‘AnalaR” pyridine was dried (BaO) and fractionated. Cyclohexylamine 
(B.D.H. Laboratory Reagent) for use as a solvent for kinetic measurements was dried (CaC],), 
then filtered and dried over freshly cut sodium. After standing overnight the amine was 
distilled on to freshly cut sodium and fractionated in an atmosphere of dry CO,-free nitrogen, 
the fraction of b. p. 129-5—130-5° being collected and stored in a flask fitted with a soda-lime 
guard tube. 

Commercial acetone was dried (K,CO,) and distilled, the first and last fractions being dis- 
carded. ‘‘AnalaR”’ benzene was refluxed over sodium hydroxide for several hours and then 
distilled, the first and last fractions being discarded. ‘‘ Absolute alcohol ’’ was refluxed for 36 hr. 
over freshly burnt lime and distilled; the first and last fractions were discarded. Other solvents 
including ether, nitrobenzene, and carbon tetrachloride were of commercial grade and were 
used without further purification. 


RESULTS 


Mixtures of 1,3,5-trinitrobenzene with a variety of amines and aromatic hydrocarbons in 
various solvents produce intensely coloured solutions. The colour is associated with a new 
absorption band. Sometimes it is developed within the time required to obtain the first reading 
of optical density (usually 2—3 min.) ; at others it develops slowly when the amine concentration 
is less that ca. 0-1mM. In some systems a slow secondary reaction occurs; this always produces 
a product with an absorption maximum in the region 505—515 mu. 

In certain systems involving aliphatic amines or similar donors the spectrum changes 
markedly with the solvent and, in solvents of high dielectric constant, a new band appears with 
a peak near 570 my. In some cases no definite peak is observed, probably owing to overlap of 
the various bands, but a region of enhanced absorption occurs. In typical non-ionising 
solvents the absorption in this region is very small. 

Data for a variety of systems are recorded in Table 1. Aggy refers to the wavelength of 


1 Lewis and Seaborg, J. Amer. Chem. Soc., 1940, 62, 2122. 

* Hantzsch and Caldwell, Z. phys. Chem., 1908, 61, 228. 

* Farr, Bard, and Wheland, /. Amer. Chem. Soc., 1949, 71, 2013. 
* Kharasch, Brown, and McNab, J. Org. Chem., 1937, 2, 36. 

5 Field, Garner, and Smith, J., 1925, 127, 1227. 

* Ketelaar, Bier, and Vlaar, Rec. Trav. chim., 1954, 78, 37. 
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maximum absorption for the band associated with the primary equilibrium. Ds29/Dg79, which 
is a measure of the amount of the high-wavelength absorption mentioned above, provides 
interesting data on the effect of solvent on the spectra of certain systems. The last column 
provides qualitative information on the rates of both primary and secondary reaction. 

A primary equilibrium was set up apparently instantaneously when 1,3,5-trinitrobenzene 
was added to benzene or ethanol solutions of aniline, N-ethylaniline, NN-diethylaniline, 
anthracene, or naphthalene. Ag, varied widely with the donor. Mixtures of 1,3,5-trinitro- 
benzene with diethylamine, triethylamine, cyclohexylamine, and piperidine reached equilibrium 
only slowly in ethanol or benzene. Diethylamine-—1,3,5-trinitrobenzene mixtures approached 
equilibrium more slowly in benzene than in ethanol. A slow attainment of equilibrium was 
also observed with solutions of 1,3,5-trinitrobenzene in pyridine. For these systems Aggy always 
lay in the region 450—475 my and in ionising solvents a new band occurred near 570 my; a 
secondary reaction also occurred in suitable solvents. 

The ethoxide ion behaved similarly to the aliphatic amines except that the primary reaction 
was faster and the secondary reaction rather slower. Ethylenediamine showed a similar 
primary absorption band near 460 my although the new band at 535 my did not correspond 
to any band observed in other systems and no secondary reaction occurred. 
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TABLE 1. Spectra of mixtures of donors with 1,3,5-trinitrobenzene in a range of solvents. 


Amax. Other maxima*  Ds7 


Donor Solvent (my) (mp) Daz Remarks f 
Pyridine Pyridine 465 514, 570 0-52 1(s), 2(s) 
Diethylamine Acetone 470 515, 570 0-44 1(s), 2(s) 

es Ethanol 470 515, 550 0-46 1(s), 2(s) 
a Nitrobenzene 475 515, 570 0-49 1(s), 2(s) 
as Diethylamine 470 —_— 0-03 1(f) 

ia Ether 465 oa 0-04 1 

Fe Benzene 465 — 0-02 1(s) 

a Carbon tetrachloride 465 -- 0-1 1 
Triethylamine Ethanol 470 510 0-4 1(s), 2(s) 
a Benzene 455 — 0-11 1 
Piperidine Ethanol 475 510, 570 0-33 1(s), 2(s) 
ia Piperidine 450 A = 1(f) 

i Water 450 - ~- 1(f) 
Cyclohexylamine Ethanol 460 510 0-3 1(s), 2(s) 

a Crude cyclohexylamine 455 505 0-33 1(f), 2(s) 
Ethylenediamine Ethylenediamine 460 535 -= 1(f) 
Ammonia Water 490 _ 0-01 1(f) 
Sodium ethoxide Ethanol 465 505 — 1(f), 2(s) 
Sodium hydroxide Water 440 —_ — l(f, 
Acetone Acetone 460 570B 0-51 Colour only after 

eight weeks 1(s) 
Aniline Ethanol 395 -— -—— 1(f) 

i Benzene 395 -- os 1(f) 
N-Ethylaniline Ethanol 450 — -= 1(f) 
NN-Diethylaniline me 490 _— = 1(f) 
Naphthalene Benzene 370 —_ _ 1(f) 
Anthracene ie 450 = ~- 1(f) 
Water Water 233 _ —_ _— 
Ethanol Ethanol 233 —_ —_ _— 


* In this column data are only given when definite maxima were observed. In some other cases 
increased absorption was observed but the maximum could not be determined because of overlap. 
A represents a slight flattening at 510, B at 505 mu. 

+ 1 denotes the occurrence of a primary reaction and 2 that of a secqndary reaction. The symbols 
(f) and (s) refer to the rates, fast and slow respectively. By a fast reaction we mean one where equi- 
librium is set up within the time required to obtain the first reading. For example 1(s), 2(s) describes 
a system where both a primary and a secondary reaction occur slowly enough for the rate to be 
measured by our methods: 1(f) describes a system where a primary equilibrium is set up within 2—3 
min., no further change occurring. 


Solutions of 1,3,5-trinitrobenzene in 2- and 4-methylpyridine showed similar spectra to 
that observed in pyridine. These amines were not carefully purified however and no extensive 
work was done; the colour developed only on standing for some time. Saturated solutions of 
1,3,5-trinitrobenzene in acetone developed a spectrum typical of the aliphatic amine primary 
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complexes only after standing for several weeks and even then no significant amount of 
secondary product was observed. 

Preliminary measurements indicated that the secondary reaction occurred in cyclohexylamine 
solutions of 1,3,5-trinitrobenzene. The primary absorption band was set up immediately and 
first-order velocity constants could be obtained from either the fall in optical density at 455 my 
or the increase at 505 mu. These indicated an activation energy of about 23 kcal./mole. On 
repeating the measurements with a different batch of amine we found that reproducibility was 
very bad and on very careful purification of the solvent as outlined in the previous section no 
secondary reaction occurred. 

The effect of solvent on the spectrum of 1,3,5-trinitrobenzene—diethylamine mixtures is 
shown in Figs. 1 and 2 and the spectra of a number of typical systems in Fig. 3. 

Equilibrium measurements have been carried out on mixtures of 1,3,5-trinitrobenzene with 
various aliphatic amines in ethanol. By using a series of solutions in which the trinitrobenzene 
concentration was kept constant while the concentration of amine varied we obtained equilibrium 
constants. In some cases equilibrium was reached only slowly and here the reactions were 
followed over a period so that both kinetic and equilibrium measurements were obtained. In 
those cases where secondary reactions occurred the measurement of an equilibrium constant 
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Fic. 1. Absorption speciva of 1,3,5-trinitrobenzene—diethylamine mixtures in various solvents soon 
after mixing. 
Cell thickness = 1-0 cm.; trinitrobenzene concentration = 1-2 x 10m; diethylamine concentration = 
0-77m except for solutions D and E. 
Solutions in the following solvents are shown: A ether, B carbon tetrachloride, C benzene, D diethyl- 
amine, E triethylamine, F acetone, G ethanol. 


Fic. 2. Absorption spectra of 1,3,5-trinitrobenzene—diethylamine mixtures in various solvents at a 
considerable period aftey mixing. 


Cell thickness, concentrations, and solvents are as in Fig. 1; ¢, the time (hr.) after mixing, is A 20, B 23, 
C 23, D 20, F 4, G 4. 


was more difficult. However the secondary reaction was usually much slower than the primary 
so that the corrections to be applied, because of overlap between the primary and secondary 
bands, were not very large. By increasing the amine concentration it was found that the 
equilibrium value of the optical density in the 450 mu—475 my region approached a limiting 
value. This value corresponds to the condition when the whole of the 1,3,5-trinitrobenzene 
is converted into primary complex so that it can be used to calculate the molar extinction 
coefficient for the complex. 

The equilibrium value of the optical density for the primary complex varied with the amine 
concentration in such a way as to indicate the formation of a 1: 1 complex between trinitro- 
benzene and a variety of aminesinethanol. These amines included diethylamine, triethylamine, 
piperidine, N-ethylaniline and NN-diethylaniline. 

A more complex variation was found for the equilibrium value of the optical density in 
pyridine solutions of trinitrobenzene. For dilute solutions the equilibrium concentration of 
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primary product depends largely on the square-root of concentration of trinitrobenzene. The 
variation can only be explained if the primary complex ionises. 

The electrical conductivity of mixtures of 1,3,5-trinitrobenzene with N-ethylaniline or NN- 
diethylaniline in ethanol differed little from that of solutions of the amines alone in the same 
solvent. On the other hand pyridine solutions of 1,3,5-trinitrobenzene showed marked increases 
in electrical conductivity with time, as did mixtures of 1,3,5-trinitrobenzene with diethylamine 
in ethanol. 

The measurements in pyridine indicate that, at a particular time after mixing, the specific 
conductivity, x, depends on the concentration of both primary and secondary products and is 
given by an equation of the form xc = @D5.) + bDs,4. The equation holds over an interval 
very much larger than that required for the primary product to reach its maximum concentra- 
tion. In ethanol the conductivity changes can be explained in a similar way although little 
detailed work has been done in this solvent. 

When the optical densities are those for a 1 cm. cell the average experimental values of 
a and b are about 8 x 107 and 3 x 10° respectively. Although the values of the molar 
extinction coefficient for the primary complex could not be measured directly in pyridine, a 
value of 104 should be of the right order since this is found for the similar systems investigated 
in ethanol. This suggests a value for A, the equivalent conductivity, of about 10 at trinitro- 
benzene concentrations of 0-01—0-1m. Such a value is by no means unreasonable in view of 
the uncertainty of e. 

The reversibility of the primary and the secondary reaction has been studied in ethanol. 
A mixture of diethylamine (0-77M) with 1,3,5-trinitrobenzene (1-1 x 10m) in this solvent was 
allowed to stand for 2—3 min. until the primary equilibrium had become established. On 
acidification (HCl) the spectrum became equivalent to the sum of the spectra of its components 
thus demonstrating the reversibility of the primary reaction. However, if the mixture was 
allowed to stand for 4 hr. so that the secondary reaction approached completion, acidification 
produced an entirely different spectrum and a new band with a maximum near 370 my was 
observed. The results are illustrated in Fig. 4. Attempts to crystallise the complexes of 
trinitrobenzene with the aliphatic amines or pyridine failed. 

Infrared measurements indicate that a band near 3300 cm. due to diethylamine disappears 
on addition of 1,3,5-trinitrobenzene. This band has been identified as an N-H stretching 
frequency. Pyridine was used as a solvent to obtain this result; although it would compete 
with diethylamine in a primary association our results indicate that the amount of pyridine 
complex formed would be extremely small. The result is illustrated in Fig. 5. 

Because of the conflicting reports concerning the nature of the reactions of 1,3,5-trinitro- 
benzene we have carried out exchange measurements on its pyridine solutions containing 
small amounts of heavy water. For comparison, similar solutions of 2,4,6-trinitrotoluene and 
2,4,6-trinitro-m-xylene were also investigated. The solutions were allowed to stand for 2—3 
weeks after which the nitro-compounds were precipitated with hydrochloric acid, washed, and 
dried. After combustion the products were analysed on a mass-spectrometer. The results 
(Table 2) show clearly that trinitrobenzene does not exchange a proton in pyridine solutions 
while both the compounds containing a methyl group show considerable exchange. 


TABLE 2. Exchange measurements in pyridine. 
Mole fraction Mole fraction Mole fraction Exchange 


of nitro- of heavy of (atoms 
compound water pyridine %) 

1,3,5-Trinitrobenzene  .............s008 0-0349 0-109 0-856 <0-015 
2,4,6-Trinitrotoluene _.............0000. 0-0346 0-109 0-857 23 
2,4,6-Trinitro-m-xylene  ..........s000+ 0-:00427 0-0398 » 0-956 40 


We have further found that both 2,4,6-trinitrotoluene and 2,4,6-trinitro-m-xylene dissolve 
in pyridine to form solutions which show electrical conductivity and colour immediately after 
mixing. Further slow increases in optical density and electrical conductivity occur and these 
have been followed for several weeks without reaching equilibrium. This behaviour is quite 
different from that of mixtures of pyridine with picric acid. Light-absorption measurements 
indicated that in such solutions equilibrium was set up instantaneously (or very rapidly) and no 
further changes were observed. 

Typical spectra for solutions of various nitro-compounds in pyridine are given in Fig. 6. 
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Fic. 3. Absorption spectra of 1,3,5-trinitrobenzene in various solvents. 
Cell thickness = 0-5 cm. in all cases. 
A Trinitrobenzene (7-0 x 10-5m) in crude cyclohexylamine immediately after mixing. 
B Same solution after 3 hr. 
C Saturated solution of trinitrobenzene in acetone after two months. 
D Trinitrobenzene (~10~m) in diethylamine. 
E Trinitrobenzene (~10-m) in ethylenediamine. 
Fic. 4. The reversibility of the 1,3,5-trinitrobenzene—diethylamine reaction. 
A Trinitrobenzene with diethylamine quenched after 2 min. with excess of hydrochloric acid. 
B The same components as in A but with the trinitrobenzene added last. 
C Asin A except that the acid was added after 4 hr. 
D As in C with excess of amine added after the acid. 
E As in A with excess of amine added after the acid. 
Fic. 6. 
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Fic. 5. The infrared spectrum of a mixture of 1,3,5-trinitrobenzene with diethylamine in pyridine. 
A Diethylamine in pyridine, B Diethylamine with trinitrobenzene in pyridine within 2 min. of mixing. 


Fic. 6. The spectra of pyridine solutions of various aromatic nitro-compounds. 
A 0-31m-Trinitrobenzene (¥ = 0-5 cm.; # = 300 min.). 
B 0-05M-2,4,6-Trinitrotoluene (x = 0-5 cm.; ¢ = 8800 min.). 
C 0-05M-2,4,6-Trinitro-m-xylene (¥ = 5-0 cm.; # = 5500 min.). 
D 2-8 x 10-“‘m-Picric acid (vy = 0-2 cm.; # = 0). 
* is the cell thickness and # is the time after mixing. 
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The results in Table 1 show that the complexes of 1,3,5-trinitrobenzene fall into two distinct 
groups according to the donor. The properties of these complexes are summarised in Table 3, 
where the heats and entropies of formation for the complexes of 1,3,5-trinitrobenzene with 
some aromatic amines and hydrocarbons are those reported by Bier’ while those for the 
complexes formed by pyridine and the aliphatic amines are our own measurements in pyridine 


Hydrocarbons with a Variety of Electron Donors. 


and ethanol. 


TABLE 3. Properties of some 1,3,5-trinitrobenzene complexes. 


Donor 


Light absorption for primary 
complex 


Molar extinction coefficient at 
the wavelength of maximum 
absorption 


Rate of primary reaction 


— AH° 
AS° 
Electrical conductivity 


Solubility of primary complex 


Secondary reaction 


Group I (aliphatic type) 
complexes 


Aliphatic amines, pyridine, eth- 
oxide ion ( or »’ donors) 


Peak always within range 450— 
475 mp; new band at 570 mp 
in ionising solvents 


~104 1. mole cm. 


Measurable 


8—9 kcal./mole 

Usually —25 to —31 e.u. 

Solutions show marked conduc- 
tivity 

Has never been isolated as a solid 


Occurs in ionising solvents 


DISCUSSION 


Group II (aromatic type) 
complexes 


Aromatic amines and hydro- 
carbons (m donors) 


Varies widely with different 
donors; no new band in ion- 
ising solvents 


~10* 1. mole cm. 


Apparently instantaneous form- 
ation of product 


Usually 1—3 kcal./mole 
Usually —1 to —3 e.u. 
Little or no conductivity 


Easily isolated as a crystalline 
solid 


Has never been observed 


Table 1 shows that while mixtures of 1,3,5-trinitrobenzene with a wide variety of 
donors produce substantially the same spectra, these spectra change with solvent and the 
ratio Ds79/D47 may be used to divide solvents clearly into two groups. With aromatic 
donors however, 1,3,5-trinitrobenzene shows no such regularity in its spectra. 

The first group of donors includes the aliphatic amines, pyridine, 2- and 4-methyl- 
pyridine, and probably ethylenediamine and the ethoxide ion. These are examples of 


what Mulliken ® calls ’onium or ’onium-anion donors. 


«e 


formed “ Group I”’ or 


Here we term the complexes 
aliphatic-type ”” complexes. The second group are typical x 


donors and we term the complexes “ Group II”’ or “ aromatjc type” complexes. This 
classification is supported by several other properties as shown in Table 3. 
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The results can be expressed in a general scheme such as: 


A+ D == AD === A~ + Dt 


B+ C me BC SB + Ct 


A represents 1,3,5-trinitrobenzene and D is an electron donor while BC is the secondary 
product in the state in which it is formed under the experimental conditions. The exchange 
measurements in pyridine indicate that the primary reaction is not a proton transfer and, 
since it is freely reversible, an electron transfer seems to be the most probable reaction. 
However, the exchange results shed no light on the nature of the secondary reaction so that 
it is quite possible that this is a proton transfer. 

With aromatic donors it seems that only the first equilibrium is set up and even with 
aliphatic donors the other reactions do not occur in non-ionising solvents. With aliphatic 
amines in ionising solvents however all the equilibria set out above occur. 


7 Bier, Rec. Trav. chim., 1956, '75, 866. 
8 Mulliken, J]. Phys. Chem., 1952, 56, 801. 
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The formulation of the primary complex formed by aliphatic amines and pyridine as 
a charge-transfer complex is supported by Ainscough and Caldin’s conclusions ® on the 
similar 1,3,5-trinitrobenzene-ethoxide ion complex. 

The spectra of the aromatic-type complexes vary with the donor under consideration. 
Various workers !° have attempted to derive, for similar complexes, a relationship between 
the position of the light-absorption band and a suitable property of the donor, especially 
the ionisation potential. Their results suggest that complexes formed by 1,3,5-trinitro- 
benzene with pyridine and probably the aliphatic amines should show an absorption band 
with a peak below 300 my. In particular benzene and pyridine have ionisation potentials 
which are closely similar. In the former solvent, 1,3,5-trinitrobenzene gives a colourless 
solution, a complex having an absorption peak at 284 my being formed. In the latter, a 
red solution is formed slowly having a peak near 470 mu. 

It has been pointed out “ that the above correlations have no theoretical significance. 
Nevertheless they have proved widely applicable and suggest that there is a fundamental 
difference in the nature of the two types of complex. Such a difference is borne out by all 
the properties listed in Table 3. 

The primary complexes of 1,3,5-trinitrobenzene with a wide variety of ‘onium and 
‘onium-anion donors show substantially the same absorption spectrum, and conductivity 
measurements indicate that ions are present in these solutions. The heats and entropies 
of formation measured in pyridine or ethanol solutions are consistent with the formation 
of a solvated ionic product. 

For aliphatic-type complexes we therefore consider that the absorption spectrum is 
that of an ion in agreement with Weiss’s suggestion that molecular complexes were 
formed by transfer of an electron. Weiss also postulated that such an ion would have an 
odd number of electrons. In the ion C,H,(NO,),~ there would be an electronic level so 
situated as to produce absorption of light in the visible region. 

It seems clear that if the visible spectrum is due to an ion the ion must be formed from 
the trinitrobenzene molecule rather than from the donor. In support of this Field, Garner, 
and Smith ® show that, on electrolysis of a liquid ammonia solution of m-dinitrobenzene, 
the coloured ions migrated to the anode, the cation NH,* (or N,H,?*) being colourless. 

Weiss’s idea has been criticised because the observed heats of formation for molecular 
complexes were too low for the type of structure suggested.1* This is undoubtedly true 
for the aromatic-type complexes but Table 3 shows that for the aliphatic type complexes 
the heats of formation are by no means unreasonable. Thus Maryott found ™ a value 
of —11-4 kcal./mole for the heat of formation of tribenzylammonium picrate in benzene. 
This substance exists as an ion-pair similar to the structure proposed for the aliphatic- 
type complexes considered here. The very large negative values observed for the entropy 
of formation are also consistent with the structure suggested by Weiss. 

For the aromatic-type complexes the variation of the spectra as the donor is changed 
is consistent with Mulliken’s * and Brackmann’s !* view that the light absorption is that 
of the complex as a whole. The spectra and properties of these complexes are consistent 
with resonance between a no-bond and a dative structure: conductivity measurements 
on their solutions do not indicate any appreciable concentration of C,H,(NO,),~ ions. 

A new band appears in ionising solvents when aliphatic amines act as donor. The 
ratio Ds79/D479 may be regarded as a measure of its intensity and, for 1,3,5-trinitrobenzene— 
diethylamine mixtures, this assumes one of two values (either ca. 0-5 or less than ca. 0-1) 

® Ainscough and Caldin, J., 1956, 2540. 

10 McConnell, Ham, and Platt, J. Chem. Phys., 1953, 21, 66; Hastings, Franklin, Schiller, and 
Matsen, J. Amer. Chem. Soc., 1953, 75, 2901. 

11 Reid and Mulliken, J]. Amer. Chem. Soc., 1954, 76, 3869. 

12 Weiss, J., 1942, 245. 

13 Dewar, “‘ Electronic Theory of Organic Chemistry,”’ Oxford Univ. Press, 1949, p. 185. 

14 Maryott, J. Res. Nat. Bur. Stand., 1948, 41, 7. 


15 Mulliken, J. Phys. Chem., 1952, 56, 801; J. Amer. Chem. Soc., 1952, '74, 811. 
16 Brackmann, Rec. Trav. chim., 1949, 68, 147. 
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according to the solvent. Thus Ds7/Dyz is less than 0-05 in ether, diethylamine, and 
benzene and in carbon tetrachloride it is 0-1; in ethanol, acetone, and nitrobenzene it 
lies between 0-44 and 0-49 and for pyridine solutions of 1,3,5-trinitrobenzene it is 0-52. 

It seems unlikely that separation of the ions would give rise to an entirely new absorp- 
tion band if the complex is already an ion-pair. At the same time the appearance of the 
band appears to depend more on the type of solvent than on the properties of the individual 
complex. For instance Ds7/D47) is approximately the same for 1,3,5-trinitrobenzene— 
diethylamine in ethanol as it is for pyridine solutions of 1,3,5-trinitrobenzene. Equilibrium 
measurements on the former system agree well with those to be expected if a 1 : 1 complex 
were formed. That the complex formed in the latter system is ionised appreciably is 
shown both by the dependence of the equilibrium upon reactant concentration and by 
the value of the equivalent conductivity, which is approximately 10 at trinitrobenzene 
concentrations of 0-01—0-1m, while A, for comparable salts in pyridine is approximately 
50 to 100. The ionic nature of such complexes is clearly shown by Kraus’s observation !” 
that the equivalent conductivity of 1,3,5-trinitrobenzene in liquid ammonia was similar 
to that for a typical salt. 

It would be attractive to explain our results by Mulliken’s concept of inner and outer 
complexes.®15 The former would be predominantly ionic and, with suitable environmental 
co-operation, would ionise, thus resembling the group I complexes. Between the two 
minima in the potential energy curve corresponding to the inner and outer complexes there 
will be an energy barrier. This is consistent with our observation that small activation 
energies (probably about 5 kcal./mole) are necessary for formation of a group I complex. 

Such a concept makes it possible to fit both the aromatic- and the aliphatic-type 
complexes into one scheme. Donor and acceptor first form an “ outer complex,” and 
under suitable conditions, an “ inner complex ’’ is then formed, this being essentially an 
ion-pair : 


“<c 


- + 
A+ B= ABS AB 


(outer) (inner) 


The latter dissociates in ionising solvents 
AB=m=™=AS+BS 

- + 

AS and B S being solvated ions. 

With aromatic donors it seems that only the outer complex is formed, while with 
aliphatic donors the inner complex is produced. The above scheme predicts however that 
in mixtures of 1,3,5-trinitrobenzene with aliphatic donors an outer complex should also 
be formed, possibly with the production of a new absorption band just below 300 my as 
predicted by the correlations mentioned above. Bier 1* has observed such a band at 300 my 
for mixtures of 1,3,5-trinitrobenzene with diethylamine and some preliminary work in this 
laboratory by Mr. W. Dodds has indicated that absorption maxima occur at or below 
300 my for mixtures of 1,3,5-trinitrobenzene with n-hexylamine and pyridine. The 
existence of two different types of complex in pyridine solutions is also indicated by the 
abnormally high solubility of 1,3,5-trinitrobenzene in this solvent (112-5 g. per 100 g. of 
solvent). Our measurements suggest that only very small equilibrium amounts of the 
ionic complex studied here are formed in such solutions. Pyridine is a special case since 
it can function either as a x or as an onium donor. With n-hexylamine however no such 
complication occurs. 

The slow rate of formation of the aliphatic-type complexes seems to be due mainly to 
a very large negative value for AS?. The activation energies are not very high (although 
the results are subject to large errors a value of about 5 kcal./mole does not seem un- 
reasonable). The values of AS? indicate a highly ordered structure for the transition 
state complex, with solvent molecules presumably playing a part. It seems reasonable 

17 Kraus, J. Amer. Chem. Soc., 1913, 35, 1315. 


18 Bier, Thesis, Amsterdam, 1943. 
41 
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to assume that the rate-determining step for aliphatic-type complex formation is the 
transition from outer complex to inner complex, the first step being extremely rapid as in 
the case of the aromatic-type complexes. 

While Mulliken’s ideas are valuable in generalising electron donor—acceptor interactions, 
they ignore the specific factors which influence these reactions. Complex formation is 
widespread among nitro-compounds including picric acid, and some aliphatic nitro- 
compounds, in addition to the polynitro-aromatic hydrocarbons mentioned here. 

A suggestion by Lewis and Seaborg! that the complexes involve double chelation 
cannot be true since both pyridine and triethylamine lack hydrogen atoms attached to 
the basic nitrogen atom. However in 1,3,5-trinitrobenzene resonance gives a partial 
positive charge to the nitrogen atom of the nitro-group and also to 
the ortho- and para-carbon atoms in the ring. 

An aliphatic amine might initially attach itself to the acceptor 
so that the amine-nitrogen atom with its lone pair of electrons was 
adjacent to the nitrogen atom of the nitro-group. The attack might 

O,N NO, alternatively be on one of the partially positive carbon atoms in the 

ring. The former mode of reaction would lead to a product of 

the type (I) which is rather similar to that proposed by Bennett and Willis ® except 

that we do not mean to imply the formation of a covalent bond between the two 
atoms. 


(e) 
+ \ 4 
R,HN —> N 
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479. Ionization Constants of Heterocyclic Substances. Part III.+ 
Mercapto-derivatives of Pyridine, Quinoline, and isoQuinoline. 
By ADRIEN ALBERT and G. B. BaARLIN. 


Ionization constants are reported for eleven mercapto-derivatives of 
nitrogenous six-membered heterocyclic compounds and for their N- and S- 
methyl derivatives. The significance of the values is discussed. Ultraviolet 
spectra of all ionic species are recorded. . 

Spectroscopic and potentiometric evidence shows that equilibrium 
favours tautomers with a hydrogen atom on nitrogen at the expense of 
tautomers with hydrogen on sulphur. Unexpectedly, this proved to be so 
even for substances such as 3-mercaptopyridine which have no form with 
doubly bound sulphur. Ebert’s equation is used to calculate the ratio of 
these tautomers at equilibrium in aqueous solution. 


THE strengths of many heterocyclic bases (mainly 6-membered rings) and their amino- 2 

and hydroxy-derivatives have been discussed, but very little has been recorded about 

the acidic and basic strengths of their mercapto-derivatives. Likewise the ratio of 

tautomers at equilibrium in aqueous solution has been determined for the amino-* and 

hydroxy-derivatives,! but no ratios were known for mercapto-derivatives until, early 
Part II, Albert and Phillips, J., 1956, 1294. 


1 
2 Albert, Goldacre, and Phillips, J., 1948, 2240. 
3 Angyal and Angyal, J., 1952, 1461. 
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in 1958, we published ratios for 2- and 4-mercapto-pyridine and -quinoline * and Jones and 
Katritzky published ratios for 2- and 4-mercaptopyridine.6 The present paper describes 
similar determinations for several other mercapto-derivatives. Such ratios have biological 
interest as a first step towards investigating tautomerism in the more complex mercapto- 
heterocycles obtained from natural sources, e.g., ergothioneine (from numan blood) and 
the goitrogenic mercapto-oxazolines (from cabbage and other plant sources). Other 
mercapto-heterocycles, notably thiouracils and thioimidazoles, are much used in treating 
thyrotoxicosis. 

Throughout this paper, such names as “ 4-mercaptopyridine ” will be used in their 
traditional sense, without implying that the tautomer with an -SH group is necessarily 
present in more than a trace at equilibrium. 

Spectra.—Ultraviolet spectra gave the clearest demonstration that tautomeric forms 
with the mobile hydrogen atom on nitrogen were favoured over those with hydrogen on 
sulphur. Determination of ionization constants enabled conditions to be chosen so that 
only one ionic species was present when each spectrum was measured. (The ratios of 
tautomers were more accurately ascertained from ionization constants than from spectra.) 

The value of ultraviolet spectra in studies of tautomerism lies in the virtual optical 
transparency of a methyl group when attached to carbon, oxygen, nitrogen, or sulphur 
[for an example involving sulphur, compare thiophenol and thioanisole (Am x, 275 * and 
280 mu,* respectively]. 

Fig. 1 shows that the spectrum of 3-mercaptopyridine closely resembles that of its 
N-methyl derivative [3-mercaptopyridine methochloride (V)] adjusted in solution to pH 7 
(see pK in Table 2) where it had lost the elements of hydrogen chloride and was entirely 
the zwitterion (II; R= Me). Fig. 1 also shows that the spectra of 3-mercaptopyridine 
and its S-methyl derivative (I; R= Me) are different. Hence it is evident that the 
neutral molecule of 3-mercaptopyridine exists, in aqueous solution, in an equilibrium that 
greatly favours (II; R =H) at the expense of (I; R= 4H). This may be contrasted 
with the equilibrium for 3-hydroxypyridine which favours equally the forms with hydrogen 
on nitrogen and on oxygen} 

Because 2- and 4-mercaptopyridine can assume a further tautomeric form, a thioamide 
or vinylogous thioamide form, e.g., (III; R =H), the spectrum of 4-mercaptopyridine 
is compared in Fig. 2 with those of its N- and S-derivatives. It is clear that here equili- 
brium also favours the form with the hydrogen atom on nitrogen, 7.e., a resonance hybrid 
of (III) and (IV) (R = H). 


S 5- 
Ssr Ss7 7 ONSH 
| Z | +7) | | + | S + ! 
N N N N N 2 
R R R Me Cl 
(I) (II) (11) (IV) (V) 


The spectra of the various pyridines, quinolines, and isoquinolines studied (Table 1) 
show that the spectra of all the mercapto-compounds resemble those of the N-methyl 
rather than of the S-methyl derivatives. Even 3-mercaptoisoquinoline follows this rule, 
although the 3-position in isoquinoline has been considered anomalous.’ 

Table 1 and Fig. 3 reveal that the peak of longest wavelength recedes to shorter wave- 
lengths as one passes from the neutral molecule to the anion, and still more on passing to 


* Shoulders; our results refer to water solutions. Other authors found very similar results with 
other solvents (see ref. 6). 


4 Albert and Barlin, ‘‘ Current Trends in Heterocyclic Chemistry,” Butterworths, London, 1958, 
p. 51. 

5 Jones and Katritzky, J., 1958, 3610. 

* Robertson and Matsen, J. Amer. Chem. Soc., 1950, 72, 5248; Price and Hydock, ibid., 1952, 74, 
1943. 

7 Mills and Smith, J., 1922, 121, 2724. 
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the cation. This is parallel to what has been found ® for the corresponding hydroxy- 
analogues when “ neutral molecule ” refers to the oxygen analogues of (III) and (IV). 
But in the oxygen series, true enols are also known. These are the oxygen analogues of 
(I; R =H) and have Amax, still less than those of the cations, but equal to those of the 
O-methy] derivatives. Table 1 reveals that no ‘‘ mercapto-compound ” has an absorption 
maximum indicative of a true thiol group, #.e., none accords with that of the corresponding 
S-methyl compound. Thus forms carrying the hydrogen atom on nitrogen are preferred 
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Fic. 1. Ultraviolet spectra of (1) 3-mercaptopyridine and its (2) N-methyl and (3) S-methyl derivatives. 
All ave present exclusively as neutral molecules in water at 20°. 


Fic. 2. Ultraviolet spectra of (1) 4-mercaptopyridine and its (2) N-methyl and (3) S-methyl derivatives. 
All are present exclusively as neutral molecules in water at 20°. 


Fic. 3. Ultraviolet spectra of 2-mercaptoquinoline as (1) molecule, (2) anion, and (3) cation, in water 
at 20° (see Table 1 for pH). 
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in mercapto- more than in hydroxy-N-heterocycles (six-membered rings). The quantit- 
ative aspects of this observation will be dealt with below, under tautomeric ratios. 

For completeness, it is noted that the spectrum of 5-mercaptoacridine (analogously 
orientated to 4-mercaptopyridine) resembles that of its N- and not that of its S-methyl 
derivative.® The considerable difference in the spectra of 2-mercapto-4-methylquinoline 
and its S-methyl derivative has also been commented on. 1 

The spectra of the cations of the mercapto-compounds in Table 1 resemble those of 
the cations of the N- more than those of the S-derivatives. But the distinction is not so 
great as with the neutral molecules. 

pK,’ Values, representing Protons gained by the Neutral Molecule——The ionization 

8 Mason, J., 1959, 1253. 

® Acheson, Burstall, Jefford, and Sansom, J., 1954, 3742. 


10 (a) Morton and Stubbs, J., 1939, 1321; (6) Campaigne, Cline, and Kaslow, J. Org. Chem., 1950, 
15, 600; Gleu and Schaarschmidt, Ber., 1939, 72, 1246. 
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constants, expressed as pK values, are given in Table 2. Usually, the substances in the 
form of neutral molecules, ¢.g., (III; R =H or Me), were submitted to conditions of 
increasing acidity. Sometimes it was more convenient to submit a methochloride, e.g., (V), 
to decreasing acidity. Poténtiometric or spectrometric methods were used as was most 
appropriate for each case (see Part II for details, also for the effects of dilution). No 
pX,’ of any mercapto-pyridine, -quinoline, or -tsoquinoline had been recorded up to 1958. 

Low pK,’ values in Table 2 correspond to weak bases. It is evident that the values 
for the mercapto-compounds are much nearer to those for the N-methyl than for the 
S-methyl derivatives, substantiating what has been shown above by ultraviolet spectra, 
i.e., that equilibrium in the mercapto-compounds favours forms which have the hydrogen 
atom on the nitrogen. 

Comparison with Part II shows that these mercapto-compounds are from 0-7 to 3-0 pK 
units weaker as bases than their hydroxy-analogues. The two series preserve much the 
same order of basic strength, the 1-tsoquinoline derivative being the weakest base in each, 
followed by the 2-quinoline and 2-pyridine derivatives. The N-methyl derivatives of the 
mercapto- and the hydroxy-series also differ within similar limits. On the other hand, 
the S- and O-methyl derivatives differ by very little. The last observation accords with 
knowledge that the inductive effect of methylthio- and methoxy-groups is similar in sign 
and magnitude in the benzene series, e.g., m-methylthio- and m-methoxy-aniline (pK 4-05 
and 4-20 respectively; cf. aniline 4-621). No figures are available for comparison of the 
inductive effects of a mercapto- and a hydroxy-group on an aromatic base. 

pK Values, representing Protons lost by the Neutral Molecule.—The strengths, as acids, 
of the mercapto-compounds are given in Table 2 (the lower the value, the stronger the 
acid). 6-Mercaptoquinoline (No. 24) is the example in which the mercapto-group is in a 
position where it is least disturbed by inductive or mesomeric effects. Only the 3-, 6-, 
and 8-isomers can, from considerations of valency, have no thioamide component, of the 
type (VI). The acidic (and basic) pK’s of 5-mercaptoquinoline resemble those of the 
6-isomer closely enough to suggest that the thioamide form (VI) does not stabilize the 
5-isomer to any extent, although valency would permit it. This, is in keeping with all 
that is known of the feeble energy available for transannular tautomerism, especially when 
an ortho-quinonoid form would be involved.!1* In contrast, the weakness as acids (and 
even more so as bases) of the 2- and the 4-mercapto-derivatives of quinoline and pyridine 
testify to a free participation of thioamide form of the type (III; R = H) (see Part II for 
a discussion of the electronic basis of this weakening effect in the oxygen analogues). As 
with 8-aminoquinoline ? and 8-hydroxyquinoline,! 8-mercaptoquinoline has abnormal pK 
values because of internal hydrogen-bonding. 


5 ° 
Za 
| | 
(VI). N Ne (VII) 


Comparison with Part II shows that the mercapto-derivatives in Table 2 are, as acids, 
1-5—2-4 pK units stronger than their hydroxy-analogues. The pK of thiophenol, not 
previously determined in water, was found to be 6-7 + 0-1, which is to be compared with 
that of phenol (9-98).1 

Ratios of Tautomers at Equilibrium.—Ebert 4 determined the ratio of tautomers in a 
series of zwitterionic molecules by assuming that the basic pK, of each tautomeric form 
is approximately the same as that of the analogue where the mobile hydrogen is replaced 
by a methyl group. This principle has been usefully applied to various heterocyclic 

11 Bordwell and Cooper, J. Amer. Chem. Soc., 1952, '74, 1058. 

12 Albert, ‘‘ An Introduction to Heterocyclic Chemistry,”” London, Athlone Press, 1959. 


13 Brown and Mason, J., 1956, 3443; Mason, J., 1957, 5010. 
14 Ebert, Z. phys. Chem., 1926, 121, 385. 
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series.5 This assumption, that O-methylation would alter the inductive effect of a 
hydroxy-group by very little and hence would not affect the ionization of a basic group, 
receives support from the similar dipole moments of the hydroxy- and methoxy-groups 
(cf. phenol and anisole, 1-60 and 1-28 D respectively 16). The figures are even closer for 


TABLE 2. Ionization of substances (in water at 20°). 


Proton gained Proton lost 
Spread* Concn.* Spread* Concn.* Analytical wavelength ¢ 

No. Substance pK,’ (+) (M) pK, (+) (M) (mp) 

1 Pyridine 5-23 ° 

2 2-Mercapto —1-07 0:06 0-0001 9-97 0-03 «0-01 345 (pK,’) 

3 N-methyl —1-22 0-09 0-0001 341 

4 S-methyl 3-62 0-02 0-01 

5 3-Mercapto 2-28 0:04 0-005 7-01 0-03 0-005 

6 N-methyl 2-27 0-06 0-005 

7  S-methyl 4-45 0-04 0-01 

8 4-Mercapto 1-43 0-07 0-000025 8-83 0-02 0-01 327 (pK,’) 

9 N-methyl 1:30¢ 0-04 0-05 
10 S-methyl 5-97 0-04 0-01 
11 Quinoline 4-93° 
12 2-Mercapto —1-44 0-09 0-0001 10-21 0-04 0-0001 405 (pK,) and (pk,’) 
13. N-methyl —1-6 0-1 0-0000125 385 
14 S-methyl 3-71 0-05 0-00005 360 
15 3-Mercapto 2-33 0-05  0-000025 6-13 0-03 0-000025 362 (pK,) and 241 (pK,’) 
16 N-methyl 2-40 0-07 0-000025 426 
17 S-methyl 3-88 0-03 0-000025 382 
18 4-Mercapto 0-77 0-05 0-000025 8-83 0:02 0-000025 384 (pK,) and (pK,’) 
19 N-methyl 0-56 0-09 0-000025 392 
20 S-methyl 5-81 0:03 0-000025 349 
21 5-Mercapto 3-31 0-04 0-000025 6-48 0:07 0-000025 374 (pK,) and (pK,’) 
22 N-methyl 3-22 0:06 0-000025 466 
23 S-methyl 4-50 0-03 0-000025 266 
24 6-Mercapto 3-95 0-06 0-000025 6-5 0-1 0:000025 367 (pK,) and 262 (pK,’) 
25 N-methyl 4-12 0-03 0-000025 446 
26 S-methyl 4-75 0:05 0-000025 272 
27 8-Mercapto 2-05 0:04 0-000025 8-29 0:03 0-000025 280 (pK,) and (pK,’) 
28 S-methyl 3-50 0-01 0-000025 251 
29 isoQuinoline 5-46° 
30 1-Mercapto —1-9 0-13 + =0-000025 10-82 0-04 0-000025 380 (pK,) and (pkK,’) 
31 N-methyl —2-13 0-08  0-000025 380 
32 S-methyl 3-93 0-02 0-000025 362 
33 3-Mercapto 0-39 0-06 0-000025 8-58 0-04 0-000025 416 (pX,) and (pK,’) 
34 S-methyl 3-41 0:04 0-000025 374 


* These results are given only for new determinations. ° Albert, Goldacre, and Phillips, J., 1948, 
2240. ¢* Part II.1 *¢ Thermodynamic. *¢ An entry in this column means that the determination 
was spectroscopic (otherwise potentiometric). ° 


the mercapto- and methylthio-groups (cf. thiophenol and thioanisole 1-19 and 1-38 pb 
respectively 1°). 

The relevant equation for determining R, the ratio of forms with a hydrogen atom on 
nitrogen to those with hydrogen on sulphur, is: R = antilog (pKsme — pKsx) — 1, 
where pKgye is the basic pK of the S-methyl derivative, and pXgqy is the basic pK of the 
mercapto-compound. Ideally the basic pK of the mercapto-compound should lie between 
those of its N- and S-methyl derivatives (in Nos. 15 and 24, Table 2, the basic pK of the 
mercapto-compound lies slightly below that of its N-methyl derivative). 

Applying the above formula gives the tautomeric ratios of Table 3. In all cases, forms 
with a hydrogen atom on the nitrogen preponderate over those with hydrogen on sulphur 
(i.e., for the neutral molecule in water at 20°). Comparison with the hydroxy-analogues 
(in Table 3) shows that this tendency is much higher for mercapto- than for hydroxy- 
heterocycles (six-membered rings). This is contrary to what has been believed in the past 
(cf., e.g., ref. 10°) on the basis of methylation of the mercapto-compounds on sulphur 

18 Tucker and Irvin, J. Amer. Chem. Soc., 1951, 78, 1923; Green and Tong, ibid., 1956, 78, 4896; 


also ref. 1. 
16 Lumbroso and Marschalk, J. Chim. phys., 1952, 49, 385. 
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but of their hydroxy-analogues principally on nitrogen. This error illustrates the fact 
that chemical reactions are poor indicators of tautomeric ratios, because the most reactive 
tautomer is often a minor component but is regenerated as fast as it is consumed. 

Although the (II) : (I) ratios (R = H in each case) are high for 3-, 6-, and 8-mercapto- 
quinoline and 3-mercaptopyridine, these figures are greatly exceeded by the a- and y- 
mercapto-derivatives. It is evident that freedom to assume a thioamide form, e.g., (III), 
conferred by valency on these substances, stabilizes the zwitterion form, e.g., (IV), by 
resonance, and hence greatly increases the proportion of forms with a hydrogen atom on 
nitrogen. That the 5-isomer does not behave in this way by invoking the thioamide 
form (VI) is attributed to the well-known reluctance of transannular tautomerism to 
take place when an ortho-quinonoid form would be involved. The fairly high ratio for 
3-mercaptoisoquinoline is surprising because the failure of 3-methylésoquinoline to react 
with benzaldehyde led to the view that between the two rings of isoquinoline is a fixed 
double bond.’ Evidently this is a matter of degree, because the 1-mercapto-isomer has 
an even higher ratio. 


TABLE 3. Approximate ratios of forms having a hydrogen atom on nitrogen to those 
having hydrogen on sulphur (neutral molecules at equilibrium in water at 20°). 


Pyridines Quinolines 
2-Mercapto 49,000 2-Hydroxy 340° 2-Mercapto 140,000 2-Hydroxy 3000 * 
3-Mercapto 150 3-Hydroxy 166 3-Mercapto 34 3-Hydroxy 0-06? 
4-Mercapto 35,000 4-Hydroxy 2200¢ 4-Mercapto 110,000 4-Hydroxy 24,000°¢ 
5-Mercapto 15 6-Hydroxy 0-05 ° 
isoQuinolines 6-Mercapto 5 6-Hydroxy 0-01? 
1-Mercapto 680,000 1-Hydroxy 18,000 ¢ 8-Mercapto 27  8-Hydroxy 0:04° 
3-Mercapto 1000 


* From Part II. °® From ref. 17, which uses a spectroscopic method more suited to low values. 


The substances with low ratios are oxidized readily in air, whereas those with high 
ratios are very stable. 

The colours of 8-mercaptoquinoline (a violet liquid with a red, solid hydrate) have 
often been considered abnormal. The spectrum at long wavelengths is almost identical 
with that of the 5-isomer and similar to those of the 6- and the 3-isomer (Table 1). Thus 
the absorption above 400 my of these substances is apparently due to the preponderance 
of the zwitterionic form, e.g., (II), which is present only in traces in the hydroxy-analogues 
(Table 3). It is considered that 2- and 4-mercaptoquinoline are less bathochromic because 
the zwitterion structure is modified by the thioamide component in the resonance hybrid. 

Preparation of the Substances.—The mercapto-compounds, where the mercapto-group 
is not « or y to a ring-nitrogen atom, were obtained (a) by action of potassium ethyl 
xanthate on the amine after diazotization, or (b) by reduction of the sulphonyl chloride. 
The «- and y-mercapto-compounds were obtained by action of thiourea (or sodium hydrogen 
sulphide) on the chloro- or bromo-compounds, or of phosphorus pentasulphide on the 
hydroxy-compounds. 

The S-methyl derivatives were obtained by direct methylation of the mercapto- 
compounds; they were examined, by paper chromatography, for freedom from the 
N-methyl isomer. Many of the N-methyl derivatives were obtained by quaternizing the 
corresponding benzoylthio-compounds, and then hydrolysing off the protective group. 
However the «- and y-isomers were obtained by the action of phosphorus pentasulphide 
on the well-known oxygen analogues, e.g., (VII). Attempts to prepare the N-methyl 
analogue of 8-mercaptoquinoline failed. For example, heating 8-benzoyl- or 8-benzyl- 
thioquinoline with methyl iodide gave 8-methylthioquinoline, identical with the product 
of a Skraup reaction on 2-methylthioaniline. 

None of the substances mentioned in this paper had the unpleasant, penetrating smell 
reminiscent of aliphatic or aromatic mercaptans. 

17 Mason, J., 1957, 5010. 
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EXPERIMENTAL 


The potentiometric titrations were carried out, under nitrogen, as in Part II, and the values 
calculated from the following equations: 
(a) for pH values below 7 


pKa = pH — log {([B] + [H*])/([BH*] — [H*))} 
(b) for pH values above 7 
pKa = pH + log {([AH] + [OH-})/([A~] — [OH™))} 


Spectrometric determinations of pK were made as in Part II. For methiodides, an 
equivalent of potassium iodide (Amax, 228) was placed in the blank cell. 

Paper chromatography was carried out on Whatman’s No. 1 paper using (a) 3% aqueous 
ammonium chloride, and (b) butan-1l-ol—5n-acetic acid (7:3) as solvent. 

Preparations (Analyses by Drs. J. E. Fildes, principally, and K. W. Zimmermann).—Solids 
were dried for analysis at 100°/0-1 mm., unless otherwise stated. M. p.s were taken in soda- 
glass capillaries. 

2-Mercaptopyridine. Prepared from 2-bromopyridine and thiourea,’ this had m. p. 130— 
132° (lit.,48 125°) (Found: C, 54:5; H, 4-45; S, 29-1. Calc. for C;SH;NS: C, 54:0; H, 4-5; 
S, 288%). Methylation with methyl iodide and sodium hydroxide !® gave 2-methylthio- 
pyridine, b. p. 100—104°/33 mm. 1: 2-Dihydro-1-methyl-2-thiopyridirz, m. p. 90°, was 
prepared from the oxygen analogue with phosphorus pentasulphide.”° 

3-Mercaptopyridine. Pyridine-3-sulphonic acid,24 m. p. 343—346°, was converted by 
phosphorus pentachloride into pyridine-3-sulphonyl chloride.22 This was reduced to 3-mer- 
captopyridine hydrochloride stannichloride with stannous chloride * in 65% yield. The 
double salt (10 g.) was ground with sufficient 5N-sodium hydroxide almost to dissolve it at 100°. 
The cooled filtrate was shaken with benzoyl chloride (10 ml.). Recrystallization from light 
petroleum (b. p. 60—80°) gave 3-benzoylthiopyridine (70%), m. p. 81° (Found, for material 
dried at 55°/0:05 mm.: C, 66-9; H, 4:2. C,,H,ONS requires C, 66-95; H, 4:2%). This 
substance (1 g.) was refluxed with 6N-hydrochloric acid (10 ml.) under carbon dioxide for 1 hr. 
The benzoic acid was extracted with chloroform, and the aqueous layer adjusted to pH 4:5. 
Re-extraction with chloroform gave 3-mercaptopyridine (85%), crystallized from benzene— 
light petroleum (b. p. 60—80°) as yellow crystals, m. p. 81° (lit.,24 78—80°). 

3-Methylthiopyridine. 3-Mercaptopyridine (2-5 g.) in N-sodium hydroxide (24 ml.) was 
shaken with methyl iodide (1-5 ml.; 1 equiv.) for 2 hr. at 20°. The solution was extracted 
with chloroform, giving 3-methylthiopyridine which distilled at b. p. 102°/17 mm. (60%) (Found: 
C, 57-6; H; 5-7; N, 10-9. C,H,NS requires C, 57-6; H, 5-6; N, 11-2%). The hydrochloride, 
prepared in alcohol and recrystallized from ethanol—benzene, had m. p. 156—158°, depressed 
on admixture with 3-mercaptopyridine methochloride (Found: Cl, 21-7. C,H,NCIS requires 
Cl, 21-9%). 

3-Mercaptopyridine methochlovide. 3-Benzoylthiopyridine (5 g.), methanol (30 ml.), and 
methyl iodide (2-5 ml., 2 equiv.) were set aside at 20° for 2 days. The solvent was evaporated, 
and the residue recrystallized from ethanol, giving yellow 3-benzoylthiopyridine methiodide 
(60%), m. p. 163° (Found: C, 43-4; H, 3-3; N, 3-9; S, 9-0. C,;H,,ONIS requires C, 43-7; 
H, 3-4; N, 3-9; S,9-0%). This substance (1 g.) was refluxed with 6n-hydrochloric acid (10 ml.) 
under carbon dioxide for 1 hr. The benzoic acid was extracted with ether, and the aqueous 
layer was shaken with fresh silver chloride (0-6 g.) for 30 min. The solution was taken to 
dryness in a vacuum and the residue extracted with ethanol, giving 3-mercaptopyridine metho- 
chloride (60%), m. p. 183° (from ethanol-ethyl acetate) (Found: (, 44-5; H, 4-9; Cl, 22-2. 
C,H,NCIS requires C, 44-6; H, 5-0; Cl, 219%). Paper chromatography revealed large 
differences in Ry between this and its isomer 3-methylthiopyridine hydrochloride (above). 


oe 


18 Phillips and Shapiro, J., 1942, 584. 

19 Renault, Ann. Chim. (France), 1955, 10, 135. 

20 Idem, Bull. Soc. chim. France, 1953, 20, 1001. 

21 McElvain and Goese, J. Amer. Chem. Soc., 1943, 65, 2233. 
Zienty, J. Amer. Pharm. Assoc., 1948, 37, 97. 

Steiger, B.P. 637,130/1950; Chem. Abs., 1950, 44, 8380. 
24 Wuest and Sakel, J. Amer. Chem. Soc., 1951, 78, 1210. 
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4-Mercaptopyridine, prepared * from 4-hydroxypyridine ** and phosphorus pentasulphide, 
had m. p. 179—189° (decomp.) [lit., 177° (ref. 27), 186° (ref. 25)] (Found: C, 54-0; H, 4-6. 
Calc. for C;SH,NS: C, 54-0; H, 45%). Methylation * gave 4-methylmercaptopyridine, m. p. 
47° (lit. 45°). 1: 4-Dihydro-l-methyl-4-oxopyridine, b. p. 153—156°/0-05 mm., was 
prepared ** by methylating 4-hydroxypyridine. The product (3-7 g.) and phosphorus penta- 
sulphide (7-4 g.) were heated to 110° under an air-condenser fitted with a drying tube. After 
the vigorous reaction had subsided, heating was continued at 125° for 1 hr. Water (15 ml.) 
was added to the cooled flask. The solution was brought to pH 7 and extracted with chloroform, 
giving orange 1 : 4-dihydro-1-methyl-4-thiopyridine (60%), m. p. 168-5—170° (from ethanol) 
(Found: C, 57-5; H, 5-5; N, 11-2; S, 25-7. C,;H,NS requires C, 57-6; H, 5-6; N, 11-2; 
S, 25-6%). 

2-Mercaptoquinoline. 2-Hydroxyquinoline (5 g.) and phosphorus pentasulphide (8-5 g.) 
in pyridine (50 ml.) were refluxed for 2 hr. The product was poured into hot water (330 ml.). 
The precipitate crystallized from benzene as yellow plates (45%), m. p. 178—179-5° (lit.,*° 
175°). It was characterized by oxidation with hydrogen peroxide to the disulphide, m. p. 139° 
(lit. 137°). The disulphide (0-21 g.) was reduced, and suspended in methanol and pyridine 
(4 ml. of each) with hydrazine hydrate (1 ml.). After 30 min. at 20°, dilute acetic acid was 
added and 2-mercaptoquinoline (0-07 g.; m. p. 178—179°) filtered off. 2-Methylthioquinoline, 
m. p. 58—59° [from light petroleum (b. p. 60—80°)] (lit.,34 55°), was prepared by methylating 
2-mercaptoquinoline. 1: 2-Dihydro-l-methyl-2-thioquinoline (m. p. 115°) was made ** by 
the action of phosphorus pentasulphide on the 2-oxygen analogue.** 

3-Mercaptoquinoline. 3-Aminoquinoline (30 g., 0-21 mole) was added slowly to a well- 
cooled and stirred mixture of 10N-hydrochloric acid (42 ml.) and ice (42 g.). Sodium nitrite 
(15-3 g.) in water (36 ml.) was then added during 15 min. at <5°. This solution was added 
during 30 min. to a stirred solution of potassium ethyl xanthate ** (42 g., 0-26 mole) in water 
(50 ml.) at 45°. During the next hour at 45°, a red oil accumulated. The mixture was then 
extracted with ether, and the extract washed with 2-5Nn-sodium hydroxide and then water. 
The ether layer was dried (Na,SO,) and evaporated and the residue dissolved in boiling ethanol 
(300 ml.). Potassium hydroxide (49 g.) was added slowly and the mixture refluxed for 10 hr. 
under nitrogen. The ethanol was evaporated, the mixture dissolved in water, and the solution 
extracted with ether (discarded). The aqueous solution was shaken with benzoyl chloride 
(32 ml.) for a few minutes, and the 3-benzoylihioquinoline recrystallized from benzene-light 
petroleum (b. p. 60—80°) as colourless crystals (68%), m. p. 111° (Found, for material dried 
at 20°/1 cm.: C, 72-5; H, 4-3; N, 5-3; S, 11-9. C,,H,,ONS requires C, 72-5; H, 4-2; H, 5-3; 
S, 12°1%). 

This substance (1 g.) was refluxed with 6N-hydrochloric acid (10 ml.) under carbon dioxide 
for 1 hr. The benzoic acid was extracted with ether. The aqueous solution was chilled, 
adjusted to pH 4-5, and extracted with ether. The extract was dried (Na,SO,) and evaporated. 
The oily residue, twice sublimed, gave 3-mercaptoquinoline, m. p. 58°, sometimes as bright red, 
and sometimes as pale pink, interconvertible crystals (Found: C, 66-7; H, 4:5; N, 8-7; S, 19-7. 
C,H,NS requires C, 67-05; H, 4-4; N, 8-7; S, 19-9%). 

Di-3-quinolyl disulphide. To 3-mercaptoquinoline, suspended in aqueous alcohol, 10% 
hydrogen peroxide was added until the red colour disappeared. The di-3-quinolyl disulphide 
was filtered off, giving colourless crystals (from aqueous ethanol), m. p. 150—151-5° (Found: 
C, 67-4; H, 3-4; N, 8-6; S, 91-8. C,,H,,N.S, requires C, 67-5; H, 3:8; N, 8-7; S, 20-0%). 
The same substance was formed when a solution of 3-mercaptoquinoline in ammoniacal benzene 
was exposed to the air. , 

Methylation of 3-mercaptoquinoline. 3-Mercaptoquinoline (from 5 g. of 3-benzoylthio- 
quinoline) in N-sodium hydroxide was shaken with methyl iodide (1-5 ml.). Next day an oil 

*5 King and Ware, J., 1939, 873. 

#6 Bowden and Green, J., 1954, 1795. 

27 Koenigs and Kinne, Ber., 1921, 54, 1359. 

- — and Fornasir, Helv. Chim. Acta, 1920, 3, 806; Tschitschibabin and Osstrowa, Ber., 1925, 
» 1/08. 

2° Fischer, Ber., 1899, 32, 1297. 

3° Roos, Ber., 1888, 21, 619. 

31 Beilenson and Hamer, J., 1939, 143. 

32 Gutbier, Ber., 1900, 33, 3359. 

33 Perkin and Robinson, /J., 1913, 108, 1973. 

34 Cranendonk, Rec. Trav. chim., 1951, 70;°'431. 
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and a yellow solid had separated. 3-Methylthioquinoline was obtained upon extraction with 
ether, and the solid, 3-methylthioquinoline methiodide (insoluble in ether), was filtered off and 
recrystallized from ethanol as yellow needles (7%), m. p. 245° (Found: C, 41-6; H/}:3-7; 
N, 4:4. C,,H,,NIS requires C, 41-6; H, 3-8; N, 4-4%). Hydrogen chloride, passed into the 
dried ethereal solution, precipitated 3-methylthioquinoline hydrochloride, m. p. 205—209° after 
recrystallization from butanol and sublimation (Found: S, 15-1. CygH,NCIS requires 
S, 15-15%). 2n-Ammonia gave the free base, which was distilled; it had b. p. 118—119°/0-2 
mm. (60%) (Found: C, 68-2; H, 5-2; N, 7-9; S, 18-6. C,)H,NS requires C, 68-5; H, 5-2; 
N, 8-0; S, 18-3%). 

Methylation of 3-benzoylthioquinoline. (a) A mixture of 3-benzoylthioquinoline (5 g.), 
methyl iodide (3-5 ml., 3 equiv.), and nitrobenzene (20 ml.) was set aside at 20° for 8 days. 
The precipitate was crystallized from methanol, giving orange 3-benzoylthioquinoline methiodide 
(70%), m. p. 199—201° (Found, for material dried at 20°/1 cm.: C, 50-0; H, 3-5; N, 3-4; 
S, 7-9. Cy,H,,ONIS requires C, 50-1; H, 3-5; N, 3-4; S, 7-:9%). (6) 3-Benzoylthioquinoline 
(0-2 g.), methyl iodide (0-1 ml., 2 equiv.), and methanol (6 ml.) were heated in a sealed tube at 
100° for 5hr. The solvent was evaporated and the residue crystallized from methanol-ethanol, 
giving 3-methylthioquinoline methiodide (63%), m. p. 240—242° not depressed by the material 
obtained above from 3-methylthioquinoline (Found, for material dried at 20°/1 cm.: C, 41-5; 
H, 3-8; N, 4-4; S, 10-0. C,,H,,NIS requires S, 10-1%). 

3-Mercaptoquinoline methiodide. 3-Benzoylthioquinoline methiodide (0-5 g.) was refluxed 
with 6N-hydrochloric acid in an atmosphere of carbon dioxide for 1 hr. The benzoic acid was 
extracted with ether, the aqueous solution evaporated, and the residue crystallized from 
ethanol—methanol containing a little hydriodic acid, giving yellow 3-mercaptoquinoline methiodide 
m. p. 229—231° (Found: N, 4-6; S, 10-5. C,gH, NIS requires N, 4-6; S, 10-6%). 

4-Mercaptoquinoline. 4-Hydroxyquinoline ** (2 g.) and phosphorus pentasulphide (4 g.) 
were heated at 140° for 4 hr. and at 155° for Lhr. The product was warmed with water (8 ml.), 
adjusted to pH 5-5, and extracted with chloroform, giving 1-5 g. of yellow 4-mercaptoquinoline 
(from much toluene). It sublimed at 125—135°/0-005 mm. to give a red form, m. p. 158—162° 
(decomp.) (Found: C, 67-0; H, 4:5; N, 85. C,H,NS requires C, 67-05; H, 4-4; N, 8-7%). 
This substance (1-16 g.) in N-sodium hydroxide (8 ml.) was shaken with methyl iodide (0-46 ml., 
1 equiv.) for 30 min. The mixture was extracted with chloroform, which was dried and 
evaporated. The residue was extracted with light petroleum (b. p. 60—80°). The filtrate, 
after concentration, deposited 4-methylthioquinoline (70%), m. p. 70—72° (Found, for material 
dried at 20°/1 cm.: C, 68-45; H, 5-3; N, 7-8. C,)H,NS requires C, 68-5; H, 5-2; N, 8-0%). 
Methylation with dimethyl sulphate in nN-sodium hydroxide at 20° gave also 40% of 1: 4- 
dihydro-1-methyl-4-oxoquinoline, m. p. 151—152-5° not depressed by an authentic sample ** 
(Found: C,:75-5; H, 5-7; N, 8-8. Calc. for C,,H,ON: C, 75-45; H, 5-7; N, 88%). 1: 4-Di- 
hydro-1l-methyl-4-thioquinoline was obtained from its oxygen analogue ** as 4-mercapto- 
quinoline (above), giving yellow needles, m. p. 209—211° (lit.,37 209—210°). 

Di-4-quinolyl sulphide. 4-Mercaptoquinoline, refluxed with charcoal in toluene for an hour, 
gave colourless di-4-quinolyl sulphide, m. p. 146—147-5° (from aqueous alcohol) (Found: 
C, 74:5; H, 4:1; N, 9-6; S, 11-1. C,gH,,N,S requires C, 75-0; H, 4-2; N, 9-7; S, 11-1%). 

5-Mercaptoquinoline. Quinoline-5-sulphonic acid ** (10 g.) and phosphorus pentachloride 
(10 g.) were heated to 130° and, when the reaction was subsiding, to 150°. Phosphoryl chloride 
was removed at 5 cm., and the residue added to ice, water, and sodium hydrogen carbonate. 
Quinoline-5-sulphonyl chloride (70%) was extracted with chloroform and crystallized from light 
petroleum (b. p. 60—80°). It softened, without melting, at 91—95° (Found: C, 47-4; H, 2-4; 
S, 14:0. C,H,O,NCIS requires C, 47-5; H, 2-7; S, 14:1%). This material gave a single spot 
on paper chromatography in each of our two solvents (absence of isomers). When hydrolysed 
with alkali it gave quinoline-5-sulphonic acid which also gave a single spot in two solvents. 
When this regenerated acid was fused with moist sodium hydroxide at 260° it gave 65% of 
5-hydroxyquinoline, m. p. 223—226° not depressed by authentic 5-hydroxyquinoline, 
indistinguishable from the latter on chromatograms. This chloride (14-9 g.) in 10N-hydrochloric 
acid (60 ml.) was added dropwise with stirring to a solution of stannous chloride dihydrate 


%5 Riegel, Albisetti, Lappin, and Baker, J. Amer. Chem. Soc., 1946, 68, 2685. 
36 Spaith and Kalbe, Sitzungsber. Akad. Wiss. Wien, 1922, 181, 421. 

37 Campaigne, Cline, and Kaslow, J. Org. Chem., 1950, 15, 600. 

38 U.S.P. 2,689,850/1954; Chem. Abs., 1955, 49, 11725. 
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(48 g.) in 10N-hydrochloric acid (105 ml.). Water (84 ml.) was added and the mixture was 
refrigerated overnight, giving 5-mercaptoquinoline as its stannichloride complex. This was 
benzoylated as was 3-mercaptopyridine. The crude 5-benzoylthioquinoline was chromato- 
graphed in chloroform on alumina and crystallized (m. p. 88°) from light petroleum (b. p. 
80—100°) (Found, for material dried at 60°/1 mm.: C, 71-8; H, 4-45; N, 5-25; S, 12-05. 
C,.H,,ONS requires C, 72-5; H, 4:2; N, 5:3; S, 12:1%). This substance (4 g.) was refluxed 
with 6N-hydrochloric acid (40 ml.) for an hour under carbon dioxide. Benzoic acid was 
extracted with ether, and the aqueous layer adjusted to pH 3. 5-Mercaptoquinoline mono- 
hydrate was filtered off and gave red crystals, m. p. 87-5—89°, from aqueous ethanol (Found, 
for material dried at 20°/1 cm.: C, 60-7; H, 5-0; N, 7-8; S, 17-7. C,H,NS,H,O requires 
C, 60:3; H, 5-1; N, 7-8; S, 17-9. Found, for material dried as before, but in the presence of 
phosphoric oxide: C, 66-6; H, 4-4; S, 19:8. C,H,NS requires C, 67-05; H, 4-4; S, 19-9%). 
The anhydrous substance is pale pink. 

Di-5-quinolyl disulphide. 5-Mercaptoquinoline, oxidized with hydrogen peroxide as was 
the 3-isomer (above), gave di-5-quinolyl disulphide, m. p. 109° [from benzene-light petroleum 
(b. p. 60—80°)] (Found, for material dried at 70°/1 mm.: C, 67-6; H, 3-8; N, 8-6; S, 19-65. 
C,3H,.N.S, requires C, 67-5; H, 3-8; N, 8-7; S, 20-0%). Aerial oxidation gave the same 
product. 

5-Methylthioquinoline. An aqueous solution of 5-mercaptoquinoline hydrochloride [from 
hydrolysis as above of 5-benzoylthioquinoline (2 g.)] was made alkaline with 10N-sodium 
hydroxide and shaken with methyl iodide (0-5 ml., 1 equiv.) for 15 min. The oil was extracted 
with ether; dry hydrogen chloride precipitated 80% of yellow 5-methylthioquinoline hydro- 
chloride, m. p. 241—-243-5° (from butanol and after sublimation). 2n-Ammonia gave 5-methyl- 
thioquinoline, b. p. 104°/0-1 mm. (Found: C, 68-6; H, 5-2. C,H NS requires C, 68-5; H, 5-2%). 

5-Mercaptoquinoline methiodide. 5-Benzoylthioquinoline (0-2 g.), methyl iodide (0-1 ml., 
2 equiv.), and nitromethane (1 ml.) were set aside at 20°. The yellow 5-benzoylthioquinoline 
methiodide (50%), collected after 7 days and crystallized from ethanol, had m. p. 207° (Found: 
C, 50:3; H, 3-5; N, 3:4; S, 8-0. C,,H,,ONIS requires C, 50-1; H, 3:5; N 3-4; S 7-9%). 
This substance (0-4 g.) and 6N-hydrochloric acid (5 ml.) were refluxed for an hour under carbon 
dioxide, and the benzoic acid was extracted with ether. The aqueous layer was taken to 
dryness at 5 cm. The residue (65%), crystallized from ethanol containing a little hydriodic 
acid, gave yellow 5-mercaptoquinoline methiodide, m. p. 189° (Found: C, 39-5; H, 3-4; N, 4-5; 
S, 10-55. CysH,NIS requires C, 39-6; H, 3-3; N, 4:6; S, 106%). 5-Benzoylthio-1-methyl- 
quinolinium hydrogen sulphate was similarly produced from 5-benzoylthioquinoline, dimethyl 
sulphate, and nitrobenzene. The nitrobenzene was distilled off with water at 5 cm., and the 
residue, recrystallized from ethanol-ethyl acetate, had m. p. 170—172° (Found: C, 53-8; 
H, 4:1; N, 3-65. C,,H,,O;NS, requires C, 54:1; H, 4-0; N, 3-7%). 

6-Mercaptoquinoline was obtained *® by condensing sulphanilic acid with glycerol and 
treating the quinoline-6-sulphonic acid, in turn, with phosphorus pentachloride, stannous 
chloride, benzoyl chloride, and hydrochloric acid. It was a red oil, b. p. 114°/0-1 mm. (Found: 
N, 8-55; S, 19-65. Calc. for C,H,NS: N, 8-7; S, 199%). This substance (2-15 g.), methyl 
iodide (0-83 ml., 1 equiv.), and N-sodium hydroxide (13 ml.) were shaken for 15 min. and 
extracted with chloroform. 6-Methylthioquinoline methiodide (20%) remained undissolved 
and gave yellow crystals (from alcohol), m. p. 237—238-5° (Found: C, 41-9; H, 4:0; N, 4:3; 
S, 10-0. C,,H,,NIS requires C, 41-6; H, 3-8; N, 4:4; S, 101%). The chloroform extract 
yielded 6-methylthioquinoline (55%), m. p. 44—46° [from light petroleum (b. p. 60—80°)] 
(Found, for material dried at 20°/1 cm.: C, 68-9; H, 5-3; N, 7:8. C,gH,NS requires C, 68-5; 
H, 5-2; N, 8-0%). 

6-Mercaptoquinoline methiodide. 6-Benzoylmercaptoquinoline *® (1-5 g.; m. p. 147—149°), 
methyl iodide (0-75 ml., 2 equiv.), and methanol (6 ml.) were heated in a tube at 100° for 5 hr., 
giving yellow 6-benzoylthioquinoline methiodide (90%), m. p. 205—207-5° (Found: C, 50-2; 
H, 35; N, 3-4; S, 7:8. C,,H,,ONIS requires C, 50-1; H, 3-5; N, 3-4; S, 7:9%). This 
substance (1'g.) was shaken with fresh silver chloride in water at 20° for 25 min. The filtrate 
gave yellow 6-benzoylthioquinoline methochloride quantitatively; this had m. p. 180—182-5° 
(from ethanol-ethyl acetate). On acid hydrolysis as for the 5-isomer, it gave 80% of cream- 
coloured 6-mercaptoquinoline methochloride, m. p. 219—221-5° (from ethanol) (Found: C, 56-4; 


8? Ponci and Gialdi, I] Farmaco, Ed. sci., 1954, 9, 459; Chem. Abs., 1955, 49, 11657. 
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H, 4:9; N, 6-75; S, 15-0. C, 9H, NCIS requires C, 56-7; H, 4-8; N, 6-6; S,15-5%). 6-Benzoyl- 
thioquinoline methiodide, hydrolysed as was the 3-isomer (above), gave 6-mercaptoquinoline 
methiodide, m. p. 225—227° (Found: N, 4:5; S, 10-4. C, 9H, NIS requires N, 4-6; S, 10-6%). 

8-Mercaptoquinoline. Quinoline-8-sulphonic acid was made by sulphonating quinoline 
with fuming sulphuric acid (30% SO,) #° and converted into the sulphony] chloride, m. p. 131° 
[from light petroleum (b. p. 80—100°)] (lit.,44 129°), which was reduced with stannous chloride 
to the stannichloride complex of 8-mercaptoquinoline.4? This was oxidized to di-8-quinolyl 
disulphide (m. p. 206—208°) by the method of Badger and Buttery 4! but with ten times the 
proportion of iodine. Other batches were converted ** into 8-benzoyl- and 8-benzyl-thio- 
quinoline, m. p. 109—112° and 114° respectively. Of the methods described for 8-mercapto- 
quinoline dihydrate (m. p. 58—59°), acid hydrolysis *? of the benzoyl derivative was found 
best. 

8-Methylthioquinoline. (a) o-Methylthioaniline 4 (2-8 g.), arsenic pentoxide (2-9 g.), glycerol 
(6-2 g.), and 36n-sulphuric acid (5-6 g.) were refluxed for 1-5 hr. Water (50 ml.) was added, 
and the mixture made alkaline and extracted with chloroform, giving 8-methylthioquinoline 
(44%) which, when recrystallized from light petroleum (b. p. 60—80°), then aqueous alcohol, 
had m. p. 85° (lit.,44 78—80°) (Found, for material dried at 20°/1 cm.: C, 68-5; H, 5-3; N, 7:8. 
Calc. for CjjJH,NS: C, 68-5; H, 5:2; N, 8-0%). 

(b) 8-Mercaptoquinoline dihydrate (2-1 g.), N-sodium hydroxide (12 ml.), and methyl iodide 
(0-7 ml., 1 equiv.) were shaken for 30 min. The 8-methylthioquinoline (75%) had m. p. 
84—85-5° (Found: C, 68-6; H, 5-1; N, 8-1%). 

(c) Ethereal diazomethane (from nitrosomethylurea, 1 g.), added to 8-mercaptoquinoline 
(0-3 g.) in methanol (30 ml.) at 0°, gave 8-methylthioquinoline (77%), m. p. 82-5—84°. 

(d) 8-Benzoylthioquinoline (0-2 g.), methanol (5 ml.), and methyl iodide (0-1 ml.), set aside 
at 20° for 2 days, gave yellow 8-methylthioquinoline hydriodide, m. p. 196—197-5° (from ethanol) 
(Found: C, 39-4; H, 3:3; N, 4-6. Cj, 9H, NIS requires C, 39-6; H, 3-3; N, 46%). 

(e) 8-Benzylthioquinoline (1 g.), methyl iodide (0-6 ml., 2-5 equiv.), and methanol (13 ml.), 
at 100° for 6 hr., gave 8-methylthioquinoline hydriodide (40%), m. p. 189—193° (Found: 
C, 39-7; H, 3-3; N, 46%). 

The m. p.s of the bases from methods (b)—(e) were not depressed when mixed with material 
(a) from the Skraup reaction. 

Methylation of di-8-quinolyl disulphide. This substance (0-1 g.), methyl iodide (0-08 ml.), 
and methanol (3 ml.), heated at 100° for 8 hr., gave dark brown crystals (0-1 g.) believed to be 
di-8-quinolyl disulphide methiodide periodide, m. p. 198° (from methanol) (Found: C, 31:5; 
H, 2-0; N, 3-9. C,,H,;N,1,S, requires C, 31-8; H, 2:1; N, 39%). The colour was discharged 
by sulphur dioxide solution. Di-8-quinolyl disulphide (0-2 g.) and methyl iodide (4 ml.), at 
100° for 3 hr., gave 8-methylthioquinoline (75%), m. p. and mixed m. p. 82-5—84°, and a 
purple-brown benzene-insoluble product, believed to be 8-methylthioquinoline methiodide 
periodide (15%),'m. p. 129—130° (from ethanol) (Found: C, 23:4; H, 2-0; N, 2-3; S, 5:5. 
C,,H,,NI,S requires C, 23-1; H, 2-1; N, 2-45; S, 5-6%). Di-8-quinolyl disulphide (0-38 g.), 
dimethyl sulphate (0-9 ml.), and nitrobenzene (4 ml.) were heated at 150° for 1:3 hr. The 
crystals formed on cooling were recrystallized from ethanol—-methanol, giving a yellow substance 
of unknown constitution (0-22 g.), m. p. 218—220° (Found: C, 41-9; H, 4:3; N, 4-7, 4-9; 
S, 21:9%). 

8-Chloroquinoline methochloride ** could not be transformed into 8-mercaptoquinoline 
methiodide by heating it in alcohol with thiourea at 150° or with sodium hydrogen sulphide 
at 175°; nor was this substance obtained by heating “‘ diazoxine,”’ the anhydride of 8-hydroxy- 
quinoline methohydroxide,** with phosphorus pentasulphide. 

1-Mercaptoisoquinoline. 1-Hydroxyisoquinoline! (1 g.) and phosphorus pentasulphide 
(1 g.) were heated at 155° for 3-5 hr. Water (8 ml.) was added and the solution neutralized and 
extracted with chloroform, giving orange-brown 1-mercaptoisoquinoline (90%), m. p. 171° (from 
ethanol) (Found: C, 66-6; H, 4:4; S, 19-8. C,H,NS requires C, 67-05; H, 4-4; S, 19-9%). 

40 McCasland, J. Org. Chem., 1946, 11, 277. 

41 Badger and Buttery, /J., 1956, 3236. 

42 Edinger, Ber., 1908, 41, 937. 

43 Foster and Reid, J. Amer. Chem. Soc., 1924, 46, 1936; Brand and Stallman, Ber., 1921, 54, 1578. 

44 Taylor, J., 1951, 1150. 

4S Claus and Schidller, J. prakt. Chem., 1893, 48, 140. 

Phillips and Keown, J. Amer. Chem. Soc., 1951, 78, 5483. 
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This substance (2-8 g.) in N-sodium hydroxide (55 ml.) was shaken with methyl iodide (1-2 ml.) 
for 5 min. The mixture, extracted with chloroform, gave 80% of 1-methylthioisoquinoline, b. p. 
100°/0-08 mm. (Found: C, 68-7; H, 5:3; S, 18-3. C,,H,NS requires C, 68-5; H, 5-2; S, 18-3%). 
1 : 2-Dihydro-2-methyl-1-oxoisoquinoline ! (1 g.) and phosphorus pentasulphide (1 g.), at 135° 
for 4 hr., gave yellow 1 : 2-dihydro-2-methyl-1-thioisoquinoline (95%), m. p. 112° (from dilute 
alcohol) (lit.,47 110°). 

3-Mercaptoisoquinoline. 3-Hydroxyisoquinoline was prepared from 3-methyl- (through 
3-formyl- and 3-amino-) isoquinoline.“* The hydroxy-compound (1 g.), phosphorus penta- 
sulphide (3 g.), and tetralin (20 ml.) were refluxed with stirring at 180° for 4 hr., then cooled. 
Next day, the precipitate was extracted with benzene (charcoal), giving orange-red 3-mercapto- 
isoquinoline (20%), m. p. 217° (from benzene) (Found: C, 66-9; H, 4:4; N, 85%). This 
substance was also obtained in small yield (m. p. 204—207°) by heating 3-chloroisoquinoline *° 
and aqueous sodium hydrogen sulphide at 205° for 70 hr. (Found: S, 19-7%). However, 
3-benzoylthioisoquinoline, m. p. 139° [from light petroleum (b. p. 60—80%)], was obtained in 
40% yield by benzoylating the alkaline filtrate (Found: C, 72:2; H, 4-0; S, 12-2. C,,H,,ONS 
requires C, 72-5; H, 4:2; S,12-1%). 3-Mercaptoisoquinoline (0-09 g.), methyl iodide (0-05 ml.), 
and n-sodium hydroxide (1 ml.) were shaken for a few minutes and extracted with ether. 
Hydrogen chloride, passed into the dried extract, gave 3-methylthioisoquinoline hydrochloride, 
pale yellow crystals after sublimation, m. p. 197—199° (Found: C, 56-7; H, 4-9; N, 6-6; 
S, 15-0. Cy, »H,,NCIS requires C, 56-7; H, 4-8; N, 6-6; S, 15-1%). 


DEPARTMENT OF MEDICAL CHEMISTRY, AUSTRALIAN NATIONAL UNIVERSITY, 
CANBERRA, AUSTRALIA. [Received, February 9th, 1959.} 


4? Peak and Stansfield, J., 1952, 4067. 

48 Case, J. Org. Chem., 1952, 17, 471; Boyer and Wolford, ibid., 1956, 21, 1297; Baumgarten and 
Dirks, ibid., 1958, 23, 900; Teague and Rowe, J. Amer. Chem. Soc., 1951, 73, 688. 

4° Haworth and Robinson, /., 1948, 777; Baer and Kates, J]. Amer. Chem. Soc., 1945, 67, 1482. 





480. Cyclic Amidines. Part IX.* Tricycloquinazoline. 
By K. BuTLER and M. W. PARTRIDGE. 


An unequivocal synthesis of the polyazapolycyclic carcinogen, tricyclo- 
quinazoline, is reported. Attention is drawn to the inapplicability to this 
compound of the hypothesis relating carcinogenic activity to electron 
densities of K and L regions. 


THE structure assigned to tricycloquinazoline (I) has hitherto been based on its formation 
from a disubstituted benzene having carbon- and nitrogen-containing functional groups 
ortho to one another,’ and on the formation of tri- and hexa-substituted derivatives.” 
Because of its carcinogenic properties,** and since, on nitration as described by Kozak 
and Kalmus,” we found it yielded a dinitro-derivative having properties similar to those 
described for its trinitro-derivative, we now report its unequivocal synthesis. 

Anthranilamide (II), which was produced in almost quantitative yield by reduction of 
o-nitrophenyl cyanide with hydrazine and Raney nickel, reacted with o-nitrobenzoyl 
chloride to yield 0-o’-nitrobenzamidobenzamide (III), together with a di-(o-nitrobenzoy])- 
anthranilamide. Reduction of the nitro-compound (III) with stannous chloride and 
hydrochloric acid afforded the corresponding amine (IV) which was isolated free from 
tin only with considerable loss. This reduction could not be effected with iron or zinc and 
acetic acid, or titanous chloride,°® or catalytically in the presence of Raney nickel or Adams 
catalyst. 


* Part VIII, J., 1959, 1512. 

Cooper and Partridge, J., 1954, 3429. 

Kozak and Kalmus, Bull. Acad. polonaise, 1933, 10, A, 532. 

Baldwin, Butler, Cooper, Partridge, and Cunningham, Nature, 1958, 181, 838. 
Baldwin, Cunningham, and Partridge, Brit. J]. Cancer, in the press. 

Meyer, Annalen, 1907, 351, 278. 


ofr @we 





sec" se a & 


vv! 


‘ey hry 


ee ee de 


XUM 





[1959] Cyclic Amidines. Part IX. 2397 


An attempted preparation of this amine (IV) by interaction of 2-o-aminophenyl-6-oxo- 
4,5-benz-1,3-oxazine * (V) and ammonia furnished a compound, C,,H,,0,N;, which may 
have structure (VI), since above its melting point it afforded dianthranilide 4 (VII). 

‘ 
4 


CO-NH, CO-NH,; CO-NH, 
or" Cu > a a6! 
om (111) (IV) 


The nitro-triamide (VIII), formed by treatment of the amine (IV) with o-nitrobenzoyl 
chloride, was unstable. It tse eke when heated in 2-methoxyethanol, and afforded 
the diamide (IV) on hydrogenation in the presence of Adams catalyst. Reduction to the 


NH-CO 
r CO-NH, NH:CO 
yo ad >. eyenys 
CO-NH (VIT) 


amino-triamide (IX) was carried out by stannous chloride and hydrochloric acid, the 
product being isolated as its stannic chloride adduct which decomposed during attempts 
to remove the tin. It is suggested that this adduct is of a similar type to that of 1:1 
molecular composition formed between diacetylaniline 7 or dimethylaniline * and stannic 
chloride. An attempt to prepare the amino-triamide (IX) by interaction of the oxazine 
(V) and anthranilamide (II) gave only 4-hydroxyquinazoline (X). 


NO, NH, 


CO-NH, NH-CO CO-NH, NH-CO Ag 
Cue On a0 o 
(VIII) X) 


The stannic chloride adduct of (IX), when heated with phosphoric oxide in xylene, 
furnished tricycloquinazoline (I), identical with previously prepared specimens. Removal 
of one or two molecules of water from the amino-triamide (LX) could occur in several ways, 
but the only compound, C,,H,.N,, which can feasibly be formed by removal of three 
molecules of water is (I). In view of the ease with which acylanthranilamides undergo 
cyclising dehydration to quinazolines,® it is probable that the first stage in the formation 
of tricycloquinazoline (I) involves the quinazoline (XI). 

2-0-Aminophenyl-4-hydroxyquinazoline (XII), which was readily produced by cyclis- 
ation of the amide (IV), afforded an o-nitrobenzoy] derivative (XIII) which could not be 
induced to cyclise to the triazabenz[ajanthracene derivative (XIV) required for reduction 
and dehydration to tricycloquinazoline. An attempted synthesis in obvious steps from 
4-hydroxy-2-0-nitrophenylquinazoline (XV), itself obtained from the amide (III), was 
unsuccessful since this 4-hydroxyquinazoline could not be converted into the corresponding 
4-chloro-derivative. 

Schroeter and Eisleb, Annalen, 1909, 367, 101. 
? Dippy and Moss, J., 1952, 2205. 


6 
8 George, Mark, and Wechsler, J]. Amer. Chem. Soc., 1950, '72, 3896. 
® Meyer and Wagner, J. Org. Chem., 1943, 8, 239. 
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Tricycloquinazoline is a stable, very feebly basic compound which sublimes at atmo- 
spheric pressure at red heat or below without decomposition. Kozak and Kalmus? 
describe the production of 4-hydroxyquinazoline (X) by oxidation of tricycloquinazoline 
with chromic anhydride in dilute sulphuric acid, whereas we recovered 97% of the com- 
pound after this treatment. A similar stability to other oxidising agents was observed. 


oO Qi 
: may cn 
wi NH-CO “ A | 
N 
(XI) (XH) (X11) 


Although 62° was oxidised by chromic anhydride in acetic acid at 100° during 4 days, 
and none was recoverable after 3 days’ treatment with chromic anhydride in concentrated 
sulphuric acid, no recognisable oxidation product was isolated. Tricycloquinazoline does 
not couple with diazotised arylamines. 


O,N 


(XIV) see) (XV) Os 


Its carcinogenic activity is of about the same order as that of 1,2 : 5,6-dibenzanthracene 
(XVI) ¢ whose biological properties, together with those of other polycyclic hydrocarbons 
and alkylated benzacridines,“ have been interpreted in terms of the electron densities of 
the K and L regions. High activity is evident in certain members of these series having 
blocked L regions and K regions of appropriate electron density, whereas in inactive 
members the K regions have electron densities of inappropriate values, or such a region is 
absent. Moreover, the introduction of substituents into both K regions of the active 
carcinogen, 1,2: 5,6-dibenzanthracene, suppresses activity.!* Since tricycloquinazoline 
has no region logically identifiable as an L region or an unsubstituted K region, the 
interpretation of the origin of carcinogenicity in terms of the union of a K region with an 
electrophilic cell-receptor appears to be inapplicable in this case. 





(XVI) 


EXPERIMENTAL 


Anthranilamide.—80%, Hydrazine hydrate (9 ml.) was mixed with o-nitrophenyl cyanide 
(10 g.) in ethanol (100 ml.) at 45—50°. Raney nickel (3 g.) was gradually added to keep the 
mixture at 40—60° by the heat of reaction; if necessary, further catalyst was added until no 
more gas was evolved. The residue obtained by filtering and evaporating the hot solution 
furnished anthranilamide (9 g., 98%; m. p. 107—108°) on recrystallisation from water. 
Reduction by zinc dust and ammonium chloride gave 40%, and hydrogenation of o-nitro- 
benzamide with Adams catalyst gave 70—85% yields. 

0-0’-Nitrobenzamidobenzamide.—Anthranilamide (100 g.) in dry benzene (350 ml.) and 
7 = and Pullman, ‘‘ Advances in Cancer Research,’’ Academic Press, New York, 1955, Vol. 

+ De i. 

F keen Buu-Hoi, Daudel, and Zajdela, op. cit., 1956, Vol. IV, p. 315. 


12 Oliverio and Heidelberger, Cancer Research, 1958, 18, 1094. 
18 Reissert and Gruber, Ber., 1909, 42, 3712. 
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pyridine (150 ml.) was treated with o-nitrobenzoyl chloride (150 g.) in benzene (600 ml.). After 
an hour, the benzene was evaporated from the two-phase mixture, and the residue was poured 
into water (31.). The precipitated solid furnished the nitrvoamide as pale yellow needles, m. p. 
195—196° (from ethanol) (135 g.) (Found: C, 58-8; H, 3-8; N, 14:7. C,4H,,O,N; requires C, 
58-9; H, 3-9; N, 147%). 

The ethanol-insoluble material yielded di-(o-nitrobenzoyl)anthranilamide (28 g.) which 
crystallised from acetic acid or 2-ethoxyethanol as needles, m. p. 214—216° (Found: C, 57-9; 
H, 3-3; N, 12-8. C,,H,,0,N, requires C, 58-1; H, 3-3; N, 12-9%). 

0-0’-A minobenzamidobenzamide.—When o0-o’-nitrobenzamidobenzamide (10 g.) in warm 
acetic acid (75 ml.) was stirred with stannous chloride (30 g.) in concentrated hydrochloric acid 
(30 ml.) for 2 hr. a solid separated. Water (150 ml.) and sufficient aqueous ammonia to bring 
the suspension to pH 4—5 were added and oxalic acid (40 g.) was dissolved in the mixture. 
Insoluble oxalate remaining after the mixture had been stirred for 1 hr. was collected, washed 
with aqueous oxalic acid, and basified by trituration with aqueous ammonia. The remaining 
tin compounds were precipitated when hydrogen sulphide was passed through a suspension of 
the crude product in 0-5n-sulphuric acid for 2 hr. The suspension was rapidly heated to 80°, 
filtered, and cooled. The precipitate afforded the pure aminoamide (0-98 g., 11%) as plates, 
m. p. 207-5—208°, from ethanol containing 1% of ammonia (Found: C, 65-4; H, 5-1; N, 16-5. 
C,4H,,0.N, requires C, 65-8; H, 5-1; N, 16-5%). 

Reactions of 2-0-Aminophenyl-6-ox0-4,5-benz-1,3-oxazine.—(i) Dry ammonia was passed 
through a solution of the oxazine * (4-6 g.) in ethanol (80 ml.) and after 45 min. the solution was 
cooled thoroughly. The crystals which separated yielded a compound (2-3 g.), m. p. 196—196-5° 
(decomp.), on recrystallisation from ethanol (Found: C, 67-8; H, 4:6; N, 14:0. C,,H,,0,N; 
requires C, 68-1; H, 4:7; N, 14:2%). On being melted, this compound furnished dianthr- 
anilide,! m. p. and mixed m. p. 334—336° (from ethanol). 

(ii) The oxazine * (0-6 g.) and anthranilamide (0-34 g.) when heated together at 100° for 
8 days afforded 4-hydroxyquinazoline (0-09 g.; m. p. and mixed m. p. 216—218°) as a sublimate. 
Anthranilamide was recovered from an ethanolic extract of the melt. 

0-0’-0’’- Nitrobenzamidobenzamidobenzamide.—o-o’-Aminobenzamidobenzamide (0-25 g.) in 
pyridine (4 ml.) was treated with o-nitrobenzoyl chloride (0-2 g.) in benzene (1 ml.) and kept for 
16 hr. Solvent was evaporated, and the precipitate obtained on pouring of the residue into 
water, when rapidly recrystallised from 2-methoxyethanol, afforded the o-nitrobenzoyl derivative 
(0-16 g.) as yellow needles, m. p. 254—255° (decomp.) (Found: C, 62-2; H, 4-1; N, 13-6. 
C,,H,,0,N, requires C, 62-4; H, 4-0; N, 13-9%). 

0-0’-0’’-A minobenzamidobenzamidobenzamide.—The foregoing nitro-compound (1 g.) in 
acetic acid (100 ml.) was shaken for 30 min. with stannous chloride (1-8 g.) and concentrated 
hydrochloric acid (4 ml.), warmed to 40°, and shaken a further 30 min. The solid 
which separated when the mixture was cooled to 0°, was washed with water and ethanol and 
crystallised from acetic acid, furnishing the crystalline amine stannic chloride adduct (0-83 g.), 
m. p. 256—257° (Found: C,-39-9; H, 3-2; N, 8-6. C,,H,,0,N,,SnCl, requires C, 39-7; H, 
2-8; N, 8-8%). 

The nitro-compound (0-84 g.) in glacial acid (25 ml.) gradually dissolved on being shaken 
for 30 min. with hydrogen and Adams catalyst (0-06 g.). The solid which separated when the 
filtrate was adjusted to pH 4—5 was o-o’-aminobenzamidobenzamide (0-39 g.), m. p. and mixed 
m. p. 205—206°. 

Tricycloquinazoline.—The foregoing stannic chloride complex (0-34 g.) was boiled with 
phosphoric oxide (0-5 g.) in xylene (75 ml.) for 30 min. and filtered. The addition of water to 
the residue afforded tricycloquinazoline, m. p. and mixed m. p. 322—323°, after recrystallisation 
from benzene (yield, 0-15 g., 66%) (Found: C, 79-0; H, 3-6; N, 17-7. Calc. for C,,H,,N,: 
C, 78-7; H, 3-8; N, 17-5%). 








Light absorption (2 in my) of tricycloquinazoline in chloroform. 


Synthetic } Anex. 245 250 285 296 310 378 400 426 455 
specimen € 39,400 41,200 22,400 29,200 25,600 21,500 20,300 7200 2300 
Previously } Awaz. — 252 284 296 310 378 400 424 452 
reported € _ 40,900 23,500 32,600 29,200 23,800 23,000 8200 2600 


4-Hydroxy-2-o-nitrophenylquinazoline.—o-o’-Nitrobenzamidobenzamide (2 g.) was refluxed 
with potassium hydroxide (0-5 g.) in ethanol (20 ml.) for 40 min. After being diluted with 
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water, the mixture was neutralised with acetic acid; the precipitated quinazoline (1-72 g., 92%) 
crystallised as yellow prisms, m. p. 226—227°, from toluene (Found: C, 63-3; H, 3-2; N, 15-6. 
Calc. for C,,H,O,N,: C, 62:9; H, 3-4; N, 15-7%). Smith and Stephen * record m. p. 237°. 

2-0-A minophenyl-4-hydroxyquinazoline.—(i) o-o’-Aminobenzamidobenzamide (1 g.) was 
boiled with potassium hydroxide (0-2 g.) in ethanol (20 ml.) for 20 min. The precipitate 
obtained on dilution and neutralisation of the mixture gave the required quinazoline (0-66 g.) 
as needles, m. p. 236—238° (from ethanol). Mohr and Kéhler ® give m. p. 237°. Its hydro- 
chloride crystallised as pale yellow needles, m. p. 278—280°, from 2N-hydrochloric acid (Found: 
N, 14-5; Cl, 12-4. C,,H,,ON,Cl1,H,O requires N, 14-4; Cl, 12-2%). Stephen and Stephen ?¢ 
state that the base crystallises from dilute hydrochloric acid. The acetyl derivative had m. p. 
274—275° (decomp.) (Found: N, 14-9. Calc. for C,,H,,0,N,: N, 15-0%). Mohrand Kohler 
record m. p. 278° (decomp.); Jacini !” gives m. p. 276°, but Stephen and Stephen * record m. p. 
aTT". 

(ii) The same quinazoline derivative was obtained in 43% yield by reduction of 4-hydroxy- 
2-o-nitrophenylquinazoline with stannous chloride and hydrochloric acid. 

4-Hydroxy -2-(0-0'-nitrobenzamidophenyl)quinazoline.—2-o-Aminophenyl-4-hydroxyquin- 
azoline (1 g.) was refluxed with o-nitrobenzoyl chloride (3 g.) in benzene (12 ml.) and pyridine 
(30 ml.) for 2} hr. The mixture was poured into water, benzene was distilled off, and the 
alkali-soluble fraction of the insoluble material, after recovery, furnished the nitrobenzoyl 
derivative as yellow needles, m. p. 272-5—273°, from 2-methoxyethanol (Found: C, 65-1; H, 
3:7; N, 14-6. C,,H,,O,N, requires C, 65-3; H, 3-7; N, 14-5%). This compound was un- 
changed after 24 hours’ boiling with 2N-hydrochloric acid or 2N-sodium hydroxide. With 80% 
sulphuric acid at 100° for 4 hr., it afforded 2-o-aminophenyl-4-hydroxyquinazoline (61%). 
Attempts to effect cyclisation with phosphoric oxide or zinc chloride in xylene, polyphosphoric 
acid at 180°, or aluminium chloride in benzene were unsuccessful. 

Dinitrotricycloquinazoline.—Tricycloquinazoline (1 g.) in glacial acetic acid (10 ml.) was 
heated with fuming nitric acid (5 ml.) at 100° for 2hr. The solid (0-7 g., 55%) which separated 
furnished dinitrotricycloquinazoline (0-25 g.) as elongated orange prisms, m. p. about 380° 
(decomp.), on recrystallisation from nitrobenzene (Found: C, 61-3; H, 2-7; N, 20-5. 
Cy,H,O,N, requires C, 61-5; H, 2-4; N, 20-5%). The same compound was obtained (28% 
yield) when nitration was similarly effected with nitric acid (d 1-32).2, The amine formed on 
reduction of the foregoing nitro-compound could not be characterised. 

Oxidation of Tricycloquinazoline.—No identifiable product was isolated in the following 
attempted oxidations (recoveries of tricycloquinazoline are given in parentheses): chromic 
anhydride and dilute sulphuric acid ? (97%). 33% Hydrogen peroxide in glacial acetic acid at 
100° for 5 days (96%). Refluxing alkaline potassium permanganate (9 equiv.) for 45 min. 
(93%). 5N-Nitric acid for 2 days (96%). Chromic anhydride (9 equiv.) in glacial acetic acid 
at 100° for 4 days (38%). Chromic anhydride in concentrated sulphuric acid at 20° for 
3 days (nil). 


THE UNIVERSITY, NOTTINGHAM. (Received, February 9th, 1959.] 


14 Smith and Stephen, Tetrahedron, 1957, 1, 38. : 
18 Mohr and Kohler, J. prakt. Chem., 1909, 80, 521. 
16 Stephen and Stephen, /., 1956, 4178. 

7 Jacini, Gazzetta, 1943, 78, 306. 
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481. 5-Aminomethylene-| : 3-dimethylbarbituric Acids. 
By J. W. CLark-LEwis and M. J. THompson. 


N-Alkyl and N-aryl derivatives of 5-aminomethylene-1 : 3-dimethyl- 
barbituric acid are described; they are readily hydrogenolysed to 1:3: 5- 
trimethylbarbituric acid over a palladium catalyst. Methylamine 1:3: 5- 
trimethylbarbiturate suffers autoxidation and ring contraction to 5-methyl- 
carbamoyl-3 : 5-dimethyloxazolid-2 : 4-dione when its ethanolic solution 
is boiled in air. 


INTERACTION of o-aminodimethylaniline and alloxan gives the sfirobarbituric acid (I; 
R = H) through participation of an N-methyl group in an unusual cyclisation leading to 
incorporation of the methyl-carbon atom into the quinoxaline ring. Confirmation of this 
structure by synthesis appeared desirable, particularly because the more problematical 
carbinolamine formulation for the aerial oxidation product (II) rests largely on its derivation 


Ne N° OH N. 
Yoong - NH i -CO-NMe 
i. ‘co " ‘co <i 
H CO-NR N “co-NH NO, ~CO-NMe 
(I) (II) (111) 


from that of the spiran (I; R = H).2 Aminomethylenebarbituric acids (e.g., III) might 
be useful in synthesis of the dimethylspiran (I; R.= Me), and preparation and properties 
of these intermediates have therefore been investigated. The o-nitroanilino-compound 
(IV; R= NO,) was readily obtained, but the N-methyl derivative (III) could not be 
prepared; a further disadvantage is that the aminomethylenebarbituric acids are 
susceptible to hydrogenolysis. 


CO-NMe fO-NMe 
corres "COO R‘NH:CH=C° Sco 
CO-NMe CO-NM 
(IV) : * () 


Diethyl ethoxymethylenemalonate reacts readily with primary aromatic amines > 
and, although an o-nitro-group retards the reaction, diethyl o-nitroanilinomethylene- 
malonate * was obtained quantitatively in an improved preparation under more vigorous 
conditions than were required for aniline. N-Methylaniline also reacts less readily ® than 
aniline, and the combined effects of the methyl and the nitro-group in N-methyl-o-nitro- 
aniline inhibited reaction completely. Ethoxymethylenemalonic ester was then replaced 
by 1:3-dimethylbarbituric acid to avoid having to close the pyrimidine ring at a later 
stage, and several of the methods used have been applied also to preparation of amino- 
methylene derivatives from barbituric acid.6 1:3-Dimethylbarbituric acid was first 
converted by reaction with ethyl orthoformate and aniline, with formanilide, with NN’-di- 

henylformamidine,’? or with methyl N-phenylformimidate into 5-anilinomethylene-1 : 3- 
y . . . y P . y . y a 
dimethylbarbituric acid (IV; R =H), which was also readily formed from aniline and 

1 King and Clark-Lewis, J., 1951, 3080. 

2 Idem, J., 1953, 172. 

3 Claisen, Annalen, 1897, 297, 77; Gould and Jacobs, J. Amer. Chein. Soc., 1939, 61, 2890; Price 
and Roberts, ibid., 1946, 68, 1204; Snyder, Freier, Kovacic, and van Heyningen, ibid., 1947, 69, 371; 
Price, Snyder, Bullitt, and Kovacic, ibid., p. 374; Duffin and Kendall, J., 1948, 893. 

« Riegel, Lappin, Adelson, Jackson, Albisetti, Dodson, and Baker, J. Amer. Chem. Soc., 1946, 68, 
1264. 

5 (a) Baker and Schlesinger, ibid., p. 2009; (b) Hickinbottom, ‘‘ Reactions of Organic Compounds,” 
Longmans, London, 1957, pp. 20, 73. 

* Ridi and Papini, Gazzetta, 1946, 76, 376; Papini and Cimmarusti, ibid., 1947, '77, 142; Ridi, ibid., 
1949, 79, 175; 1952, 82, 756; Ridi and Testa, ibid., 1950, 80, 542; Zenno, J. Pharm. Soc. Japan, 1953, 
73, 1063; Chem. Abs., 1954, 48, 8545. 

7 Nightingale and Alexander, J. Amer. Chem. Soc., 1936, 58, 794. 
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5-amino- or 5-hydroxy-methylene-1 : 3-dimethylbarbituric acid. o-Nitroaniline, though 
less reactive than aniline, gave under more vigorous conditions an excellent yield of 
1 : 3-dimethyl-5-o-nitroanilinomethylenebarbituric acid (IV; R= NO,) by the ethyl 
orthoformate method. 2: 2’-Dinitro-NN’-diphenylformamidine similarly gave a high 
yield of this product (IV; R = NO,) in a rapid reaction with 1 : 3-dimethylbarbituric acid. 
The orthoformate method, however, is more convenient as it obviates preparation of 2 : 2’-di- 
nitrodiphenylformamidine, which was obtained from o-nitroaniline and ethyl orthoformate 
in variable yield, and with m. p. 161—163° differing considerably from the value recorded 
by Walther (m. p. 124—125°).8 

Many standard syntheses of aminomethylene derivatives from compounds containing 
a reactive methylene group appear to give inferior results or to fail completely when applied 
to secondary amines. Thus formamide, N-methylformamide, and formanilide yield the 
aminomethylene compounds (V; R =H, Me, and Ph) when heated with 1 : 3-dimethyl- 
barbituric acid, but no reaction occurred with NN-dimethylformamide or with N-methy]- 
formanilide, probably because they are unable to enolise. Conditions used for the 
analogous preparation of 4-N-methylanilinomethylene-2-phenyloxazolone ® have not been 
tested in the present case. Aniline and o-nitroaniline readily undergo amine-exchange 
with 5-aminomethylene-1 : 3-dimethylbarbituric acid (V; R = H) to yield the compounds 
([V; R =H and NO,), but no exchange occurred with methylaniline or with N-methyl- 
o-nitroaniline. Attempts to methylate 1 : 3-dimethyl-5-o-nitroanilinomethylenebarbituric 
acid (IV; R= NO,) were unsuccessful. 

The nitro-group of 1: 3-dimethyl-5-o-nitroanilinomethylenebarbituric acid (IV; 
R = NO,) was reduced catalyticaily without affecting the double bond, and the o-amino- 
anilinomethylene compound (IV; R = NH,) thus formed was also prepared from o-phenyl- 
enediamine by the orthoformate method. o-Phenylenedi-(5-aminomethylene-l : 3-di- 
methylbarbituric acid) was obtained as a by-product through reaction of both amino- 
groups of o-phenylenediamine, and formed the sole product when the reactants were used 
in the requisite molecular proportions; 5-o-aminoanilinomethylene-1 : 3-dimethylbarbituric 
acid (IV; R = NH,) gave the same bis-product when heated with ethyl orthoformate and 
1 : 3-dimethylbarbituric acid. o-Aminoacetanilide was similarly converted into 5-o- 
acetamidoanilinomethylene-1 : 3-dimethylbarbituric acid (IV; R = NHAc), but o-acet- 
amido-N-methylaniline apparently cyclises to 1 : 2-dimethylbenziminazole too readily 
for it to be useful in preparation of 5-o-acetamido-N-methylanilinomethylene-1 : 3-di- 
methylbarbituric acid (VI; R = NHAc). 


CO-NMe NMe—CO CO-NMe 


4 
NMe-CH=C_ “CO oc’ ‘CH-CH=C” ‘co 
R CO-NMe NMe-CO CO-NMe 
(V1) VID 


Reaction of ethyl orthoformate with 1: 3-dimethylbarbituric acid gave 5-ethoxy- 
methylene-1 : 3-dimethylbarbituric acid which was readily hydrolysed to the 5-hydroxy- 
methylene compound even by moist solvents. However, the latter proved to be reactive 
and gave aminomethylene derivatives readily even with methylaniline and o-nitroaniline, 
and with 1:3-dimethylbarbituric acid it yielded the methine (VII) identical with a 
by-product from the preparation of the ethoxymethylenebarbituric acid. The yellow, 
sparingly soluble methine (VII) is also formed when N-methyl-o-nitroaniline, ethyl ortho- 
formate, and 1: 3-dimethylbarbituric acid are heated together; even pure hydroxy- 
methylene-1 : 3-dimethylbarbituric failed to yield the N-methyl-o-nitroanilinomethylene 
compound (III) when heated with N-methyl-o-nitroaniline. 

Hydrogenation of aminomethylene-1 : 3-dimethylbarbituric acids gave amines and 

8 Walther, J. prak. Chem., 1895, 52, 430. 


® Boon, Carrington, and Jones, ‘“‘ The Chemistry of Penicillin,” Princeton Univ. Press, 1949, p. 816. 
10 Roeder and Day, J. Org. Chem., 1941, 6, 25. 
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1 : 3: 5-trimethylbarbituric acid through hydrogenolyses similar to those observed ** with 
aminomethylenemalonic esters. 5-Amino- and 5-methylamino-methylene-1 : 3-dimethyl- 
barbituric acid (V; R = H and Me) gave ammonium and methylamine | : 3 : 5-trimethyl- 
barbiturate respectively, from which the barbituric acid was isolated after acidification. 
1 : 3-Dimethyl-5-N-methylanilinomethylenebarbituric acid (VI; R =H) similarly gave 
1:3: 5-trimethylbarbituric acid and methylaniline when hydrogenated at room pressure, 
but at a higher pressure gave N-methylcyclohexylamine and N-methylaniline in 5: 1 ratio, 
while the 5-anilinomethylene compound gave approximately equal quantities of aniline, 
cyclohexylamine, and dicyclohexylamine. These ring hydrogenations of aromatic amines 
under moderate conditions with a palladium catalyst are noteworthy. 1:3: 5-Tri- 
methylbarbituric acid formed in the hydrogenolysis of 5-anilinomethylene-1 : 3-dimethyl- 
barbituric acid was usually contaminated with traces of 1:3: 5-trimethyldialuric acid 
although, for reasons which are not clear, only the dialuric acid was obtained on two 
occasions. 

Determination of the course of these hydrogenations was complicated by the slow 
transformation of methylamine 1 : 3 : 5-trimethylbarbiturate into a compound, C,H)0,Ng, 
with loss of methylamine, when boiled with ethanol. The product showed infrared 
absorption bands corresponding to free and hydrogen-bonded amide N-H, and carbonyl 
bands, including one at 1831 cm. typical of five-membered lactones, ¢.g., oxazolones 4 
and oxazolid-2 : 4-diones,! and we infer that the product C,H,,O,N, is 3 : 5-dimethyl-5- 
methylcarbamoyloxazolid-2 : 4-dione (VIII). Oxygen is necessary for formation of the 
oxazolid-2:4-dione (VIII) from methylamine 1:3: 5-trimethylbarbiturate, and we 
presume that the barbituric acid becomes oxidised to the corresponding dialuric acid. 
Oxazolid-2 : 4-diones are readily formed from dialuric acids,* and some NN’-dialkyl- 
dialuric acids undergo ring-contraction when merely boiled with water, as in the formation 
of 5-benzyl-5-methylcarbamoyl-3-phenyloxazolid-2 :4-dione, an analogue of (VIII) 
described by Aspelund.14 


Me 
Me-NH-CO _O—CO — eat 
Na 2 CO—NMe NMe— CO CH>CH co 
A R by ‘ 4 4 win ‘ 
Me ‘CO-NMe CH. co oc y CO-NMe 
CO—NMe NMe — CO 
(VII1) (IX) 
(X) NHMe 


NO, 


The more direct approach to aminomethyl compounds by the Mannich reaction with 
diethoxymethane failed to yield the desired 1 : 3-dimethyl-N-methyl-5-o-nitroanilino- 
methylbarbituric acid (IX; R= NO,). Aniline, diethoxymethane, and 1 : 3-dimethyl- 
barbituric did not react, and aniline hydrochloride merely catalysed formation of the 
dibarbiturylmethane identical with the product obtained by hydrogenating the methine 
(VII). N-Methyl-o-nitroaniline hydrochloride, diethoxymethane, and 1 : 3-dimethyl- 
barbituric acid gave a product, possibly (X), and some 4 : 4’-di(methylamino)-3 : 3’-dinitro- 
phenylmethane, which was also obtained in the absence of 1 : 3-dimethylbarbituric acid. 


EXPERIMENTAL ’ 


1% Palladised calcium carbonate was used as hydrogenation catalyst. Compounds were 
dissolved in 95% alcohol for determination of ultraviolet light absorption curves with a Uvispek 
spectrophotometer. 


11 Cornforth, ‘‘ The Chemistry of Penicillin,’ Princeton Univ. Press, 1949, p. 730; Thompson, Brattain, 
Mandall, and Rasmussen, ibid., p. 387. 

12 Clark-Lewis, Chem. Rev., 1958, 58, 91. 

13 Idem, ibid., p. 68. 

14 Aspelund, Acta Acad. Aboensis, Math. Phys., 1942, 18, No. 1, p. 22; Chem. Abs., 1945, 39, 2053. 
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Diethyl 0o-Nitroanilinomethylenemalonate.—Ethyl ethoxymethylenemalonate } (2-16 g.) and 
o-nitroaniline (1-38 g.) were heated at 120° for 4 hr. and, after cooling, the solidified melt was 
washed with hexane to give diethyl o-nitroanilinomethylenemalonate (3-18 g., 100%), m. p. 
100—107° raised by crystallisation from ethanol to m. p. 107—108° (lit.,4 m. p. 101—102°) 
(Found: C, 54-6; H, 5-1; N, 8-9. Calc. for C,,H,,O,N,: C, 54:5; H, 5-2; N, 9-1%). 

2 : 2’-Dinitrodiphenylformamidine.—o-Nitroaniline (2 mol.) was heated with ethyl ortho- 
formate (1 mol.) at 160—180° for 1 hr. and the ethanol formed was allowed to escape through 
a short air-condenser; the residue was digested with ethanol and filtered hot from 2 : 2’-dinitro- 
diphenylformamidine, m. p. 161—163° (lit., m. p. 124—125°) (Found: C, 54-6; H, 3-4; N, 20-1. 
Calc. for C,;H,,O,N,: C, 54:6; H, 3-5; N, 19-6%). An attempt to prepare o-nitromethyliso- 
formanilide by the procedure used for the meta-compound ?* and for methylisoformanilide 1” 
also gave the formamidine: a suspension of the silver salt (40 g.) of o-nitroformanilide in 
anhydrous ether (200 c.c.) was shaken with methyl iodide (15 c.c.) in the dark for 40 hr. and then 
filtered. The solid was washed with ether and, after the removal of ether from the combined 
filtrate and washings, distillation gave a few drops of methyl orthoformate, b. p. 40°/19 mm., 
a fraction (8-9 g.), b. p. 100—120°/0-1 mm., consisting mainly of o-nitroaniline, and a residue of 
2: 2’-dinitrodiphenylformamidine (12-1 g.), m. p. 158—161°. 

1: 3-Dimethylbarbituric Acid.—This acid, m. p. 122—123°, was prepared by a slight 
modification 1* of Biltz and Wittek’s method.” 

5-Hydroxymethylene-1 : 3-dimethylbarbituric Acid and (1 : 3-Dimethylbarbitur-5-yl)methylene- 
1 : 3-dimethylbarbituric Acid (VII).—1:3-Dimethylbarbituric acid (6-0 g.) was heated with 
ethyl orthoformate (25 c.c.) in an open flask at 120° for 30 min. before removal of the excess of 
ester under reduced pressure. The residue was extracted in a Soxhlet apparatus with hexane, 
and recrystallisation (Soxhlet) of the soluble material from hexane gave 5-hydroxymethylene- 
1 : 3-dimethylbarbituric acid (5-0 g., 71%) in flat, orange-yellow needles, m. p. 124° (Found: 
C, 45-9; H, 44; N, 15-2. C,H,O,N, requires C, 45-7; H, 4:4; N, 15:2%). The hexane- 
insoluble residue (1-2 g.), m. p. 273°, which remained in the thimble, crystallised from benzene 
(Soxhlet) in yellow needles (0-95 g.), m. p. 276—277°, consisting of the methine ®° (VII) [Found: 
C, 48-7; H, 4-5; N,17-5%; M (Rast), 270. Calc. for C,,H,,O,N,: C, 48-5; H, 4-4; N, 17-4%; 
M, 322]. The methine was indistinguishable from a sample prepared from 1: 3-dimethyl- 
barbituric acid and formic acid,*?® and it was readily obtained by heating equimolecular 
quantities of 1: 3-dimethylbarbituric acid and its 5-hydroxymethylene derivative at 120° for 
a few minutes. 

5-Aminomethylene-1 : 3-dimethylbarbituric Acid (V; R= H).—1: 3-Dimethylbarbituric 
acid (6 g.) and formamide (20 c.c.) were heated at 120° for 3 hr. and the product was collected 
and washed with ethanol. 5-Aminomethylene-1 : 3-dimethylbarbituric acid (4:9 g., 69%) 
crystallised from water in needles, m. p. 228—229° (Found: C, 46-2; H, 5-2; N, 22-9. 
C,H,O,N, requires C, 45-9; H, 5-0; N, 22-9%). 

1: 3- Dimethyl -5-methylaminomethylenebarbituric Acid (V; R = Me).—1:3-Dimethyl- 
barbituric acid (5 g.) and N-methylformamide *4 (10 c.c.) were heated at 150° for 14 hr. The 
product crystallised from the hot solution, and was collected and washed with ethanol. 
1: 3- Dimethyl - 5 - methylaminomethylenebarbituric acid crystallised from water in needles 
(5-0 g., 79%), m. p. 230—231° (Found: C, 48-8; H; 5-4; N, 21-3. C,H,,O,N; requires C, 48-7; 
H, 5-6; N, 21-3%). It was moderately soluble in chloroform and only slightly soluble in 
ethanol, benzene, ethyl acetate, and water. 

5-A nilinomethylene-1 : 3-dimethylbarbituric Acid (IV; R = H).—(a) A solution of 1: 3-di- 
methylbarbituric acid (0-78 g.) in boiling ethanol (20 c.c.) was added to aniline (0-46 g.) and 
ethyl orthoformate (1 c.c.) in boiling ethanol (10 c.c.). Crystals appeared within 2 min. but 
boiling was maintained for 5 min. and the product (1-2 g., 94%), m. p. 198—199°, was collected 
from the cold solution. It crystallised from ethanol in needles, m. p. 199—200° (Found: 
N, 15-8. C,;H,,0,N, requires N, 16-2%), sparingly soluble in ethanol, but dissolving readily 
in chloroform and in ethyl acetate, and under ultraviolet light showing blue fluorescence. It had 

18 Org. Synth., 1948, 28, 60; Duffin and Kendall, J., 1948, 893. 

16 Comstock and Wheeler, Amer. Chem. J., 1891, 18, 518; J., 1892, 62, Ai, 705. 

17 Farrow and Ingold, J., 1924, 125, 2546. 

18 Clark-Lewis and Thompson, J., 1959, 1628. 

19 Biltz and Wittek, Ber., 1921, 54, 1037. 

20 Gysling and Schwarzenbach, Helv. Chim. Acta, 1949, 32, 1484. 

21 Mitchell and Reid, J. Amer. Chem. Sot., 1931, 58, 1879; D’Alelio and Reid, ibid., 1937, 59, 109. 
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Amax, 223—225 (c 20,400) and 342 (¢ 30,600), Anin, 266—267 my (ce 1100). Anilinomethylene- 
dimethylbarbituric acid was also obtained readily from NN’-diphenylformamidine and dimethy]l- 
barbituric acid in boiling ethanol, and from 5-hydroxymethylene-1 : 3-dimethylbarbituric acid 
and aniline in cold ethanol, and by mixing cold ethanolic solutions of methyl N-pheny]l- 
formimidate 1” and 1: 3-dimethylbarbituric acid. 

(b) 5-Aminomethylene-1 : 3-dimethylbarbituric acid (0-5 g.) was heated with aniline (2 g.) 
at 170° for 30 min.; ammonia was evolved and crystals separated.. 5-Anilinomethylene-1 : 3- 
dimethylbarbituric acid (0-65 g., 92%), needles, m. p. 198—199°, was collected and washed 
with ethanol. 

(c) 5-Anilinomethylene-1 : 3-dimethylbarbituric acid (0-74 g., 89%), m. p. 196—198°, was 
obtained by heating formanilide (2 g.) and 1 : 3-dimethylbarbituric acid (0-5 g.) at 180° for 14 
hr. and then washing the solid product with ethanol. 

1 : 3-Dimethyl-5-N-methylanilinomethylenebarbituric Acid (VI; R = H).—N-Methylaniline 
(0-6 g.), ethyl orthoformate (1-0 c.c.), and 1 : 3-dimethylbarbituric acid (0-78 g.) were warmed 
gently until a homogeneous melt was obtained, and then at 100° for several minutes. A 
vigorous reaction ensued and the solid product (0-85 g., 56%) was collected and washed with 
ethanol. It was obtained as needles, m. p. 198—199° (from ethanol; yellow solution) (Found: 
C, 61-2; H, 5-5; N, 15-1. C,,H,;0;N, requires C, 61-5; H, 5-5; N, 15-4%). The acid was 
also readily obtained from 5-hydroxymethylene-1 : 3-dimethylbarbituric acid and methyl- 
aniline in cold ethanol, but methylaniline did not exchange with aminomethylenedimethy]l- 
barbituric acid. Heating 1: 3-dimethylbarbituric acid with N-methylformanilide under the 
conditions described above for formanilide did not yield the N-methylanilino-derivative. 

1 : 3-Dimethyl-5-o-nitroantlinomethylenebarbituric Acid (IV; R = NO,).—(a) An immediate 
reaction occurred when 1: 3-dimethylbarbituric acid (1-6 g.) was added to a suspension of 
2: 2’-dinitrodiphenylformamidine (3-0 g.) in boiling ethanol (250 c.c.), and the product 
crystallised; boiling was continued for 30 min. and filtration of the cold suspension then gave 
1 : 3-dimethyl-5-o-nitroanilinomethylenebarbituric acid, needles (2-8 g., 90%), m. p. 262—263° 
(from chloroform—ethanol) (Found: C, 51-4; H, 3-9; N, 18-0. C,,;H,,O;N, requires C, 51-3; 
H, 4-0; N, 18-4%), Amax, 275 (e 10,100), 321—323 (< 13,800), and 374 my (ce 15,800), Amin, 252 
(e 8100), 295 (c 6700), and 341 my (e 10,200), with inflexions at 308—312 (e 10,300—10,600) and 
326—330 my (e 13,700—13,600). The compound is insoluble in water, slightly soluble in 
ethanol, more soluble in ethyl acetate and readily so in chloroform. 1: 3-Dimethyl-o-nitro- 
anilinomethylenebarbituric acid (1-0 g., 100%) was recovered after it had been heated with 
methyl iodide (10 c.c.) and dimethylformamide (20 c.c.) in a sealed tube at 100° for 30 hr. 
It was recovered (0-8 g., 100%) with m. p. 263—265° after being heated with methyl toluene-p- 
sulphonate (5 c.c.) at 170° for 3 hr. 

(b) o-Nitroaniline (0-7 g.), ethyl orthoformate (1-5 c.c.), and 1: 3-dimethylbarbituric acid 
(0-8 g.) were heated carefully until a homogeneous melt was obtained, and thereafter at 
120° for 2 min.. The product (1-34 g., 93%), m. p. 261—263°, -was collected with the aid of 
ethanol. 

(c) 5-Aminomethylene-1 : 3-dimethylbarbituric acid (0-5 g.) was heated for 1 hr. at 180° 
with o-nitroaniline (2 g.), and the product, after being washed with ethanol, consisted of 1 : 3-di- 
methyl-5-o-nitroanilinomethylenebarbituric acid (0-14 g., 24%), yellow needles, m. p. 257—258°. 

(zd) A mixture of 1: 3-dimethylbarbituric acid (0-5 g.) and o-nitroformanilide (2-5 g.) was 
heated at 175° for 95 min. and then treated with boiling ethanol (100 c.c.), which left a residue 
of sparingly soluble 1 : 3-dimethyl-5-o-nitroanilinomethylenebarbituric acid (0-76 g., 78%), 
m. p. 259—262°. 

5-0-A minoanilinomethylene-1 : 3-dimethylbarbituric Acid (IV; R = NH,) and o-Phenylene- 
di-(5-aminomethylene-1 : 3-dimethylbarbituric Acid).—(a) 1: 3-Dimethyl-5-o-nitroanilinomethyl- 
enebarbituric acid in dimethylformamide was reduced with hydrogén at room temperature and 
pressure over 1% palladised calcium carbonate. The catalyst was removed, then the solvent 
was distilled under reduced pressure. The residue was extracted with boiling benzene and gave 
5-0-aminoanilinomethylene-1 : 3-dimethylbarbituric acid, yellow needles, m. p. 200—201° (from 
benzene) (Found: C, 57-1; H, 5-1; N, 20-7. C,3H,,0,N, requires C, 56-9; H, 5-1; N, 20-4%), 
Amax, 310 (ec 10,800) and 364 (c 16,500); Amin, 272—278 (ec 4500) and 320 my (e 10,200); inflexions 
at 224—232 (e 17,700—17,400) and 354—358 my (e 16,200—16,300). 

(6) A mixture of o-phenylenediamine (0-5 g.), ethyl orthoformate (1 c.c.), 1: 3-dimethyl- 
barbituric acid (0-8 g.), and ethanol (20 c.c.) was boiled for 5 min. and the product was collected 
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by filtration of the cold solution. Extraction of the product (0-5 g.) with hot ethanol left an 
insoluble residue (0-25 g.), and the cold solution deposited 5-o-aminoanilinomethylene-1 : 3-di- 
methylbarbituric acid (0-18 g.) in yellow needles, m. p. and mixed m. p. 200°.- The ethanol- 
insoluble material (0-25 g.) consisted of o-phenylenedi-(5-aminomethylene-1 : 3-dimethylbarbituric 
acid) which crystallised from chloroform in faintly yellow needles, m. p. 340° (Found: C, 54-2; 
H, 4:3; N, 18-5. CygH O,N, requires C, 54-5; H, 4:6; N, 191%). This compound was 
obtained in better yield when ethyl orthoformate (2 mol.), 1 : 3-dimethylbarbituric acid (2 mol.), 
and o-phenylenediamine (1 mol.) were heated, and was also prepared from 5-0-aminoanilino- 
methylene-1 : 3-dimethylbarbituric acid, ethyl orthoformate, and 1 : 3-dimethylbarbituric acid. 
The o-phenylenediamine bis-product is very sparingly soluble in organic solvents; a chloroform 
solution showed a blue fluorescence and the solid possessed a strong yellow fluorescence 
under ultraviolet light. Light absorption maxima in chloroform were at 314 (e 24,100) and 
362 my (ce 19,700), and minima at 271 (« 2700) and 335—339 muy (< 16,600). 

o-A cetamidoanilinomethylene-1 : 3-dimethylbarbituric Acid (IV; R = NHAc).—Ethyl ortho- 
formate (0-8 c.c.) in boiling ethanol (20 c.c.) was added to a boiling solution of o-amino- 
acetanilide ** (0-6 g.) and 1: 3-dimethylbarbituric acid (0-6 g.). Heating was continued for 
5 min. and the solution was filtered when cold from the crystalline product; the filtrate was 
boiled again after addition of further orthoformate (0-8 c.c.). Crystallisation of the combined 
product (0-56 g., 46%) from water gave 5-0-aceiamidoanilinomethylene-1 : 3-dimethylbarbituric 
acid as needles, m. p. 251° (decomp.) when heated slowly and m. p. 257° (decomp.) when heated 
more rapidly (Found: C, 57-1; H, 5-0; N, 17-4. C,;H,,0,N, requires C, 57-0; H, 5-1; N, 
177%), Amax. 222 (e 23,100) and 343—344 my (e 26,800); Amin, 271 mp (e 1250). The solid 
exhibited a blue fluorescence under ultraviolet light. 

1:3: 5-Trimethylbarbituric Acid.—This was prepared from diethyl methylmalonate ** and 
NN’-dimethylurea by condensation with sodium ethoxide.** It crystallised from benzene in 
solvated crystals which effloresced in air, and it was readily purified to m. p. 89-5—90° by 
sublimation (lit.,24 m. p. 89-5—90°). 1:3: 5-Trimethylbarbituric acid (25%) was also obtained 
from methylmalonic acid by condensation with NN’-dimethylurea and acetic anhydride 
essentially as described for 1 : 3-dimethylbarbituric acid.}® 

Hydrogenation of 5-Aminomethylene-1 : 3-dimethylbarbituric Acid.—5-Aminomethylene-1 : 3- 
dimethylbarbituric acid (2 g.) in 70% aqueous ethanol (100 c.c.) was hydrogenated at 70°/35 
atm. for 20 hr. The filtrate from the catalyst was treated with a few drops of dilute hydro- 
chloric acid and the ethanol removed by distillation. The acidified aqueous solution was 
extracted with chloroform, and evaporation of the dried (MgSO,) extract left 1 : 3 : 5-trimethyl- 
barbituric acid (1-7 g., 91%) which crystallised from benzene-hexane in needles (1-4 g., 77%), 
m. p. and mixed m. p. 88—89°. The solution after hydrogenation contained ammonium 
1: 3: 5-trimethylbarbiturate, which was identified by comparison with an authentic specimen 
of the salt which crystallised in needles, m. p. 240°, when methanolic solutions of ammonia and 
the acid were mixed. 

Hydrogenation of 1 : 3-Dimethyl-5-methylaminomethylenebarbituric Acid.—The methylamino- 
compound (2-0 g.) in ethanol (100 c.c.) was hydrogenated at 70—90°/35 atm. for 15 hr. The 
hot solution was filtered and the ethanol was distilled; evaporation of the distillate after 
addition of a few drops of hydrochloric acid left a residue of methylamine hydrochloride, m. p. 
and mixed m. p. 220—225°. The distillation residue was boiled with benzene and the solution 
was filtered from the insoluble methylamine 1: 3: 5-trimethylbarbiturate (1-5 g.), m. p. 255° 
(short sealed capillary) or 224° (decomp.; open capillary) (Found, after sublimation at 180°/20 
mm.: C, 48-2; H, 7:5; N, 20-2. C,H,,0O,N, requires C, 47-8; H, 7:5; N, 20-9%). The salt 
(1-5 g.) was dissolved in water (70 c.c.) containing a few drops of hydrochloric acid, and the 
solution was extracted with ether. The ether residue (1-0 g.) consisted of 1 : 3: 5-trimethyl- 
barbituric acid which crystallised from benzene—hexane in large needles (0-84 g.), m. p. and 
mixed m. p. 88—89° after loss of solvate benzene. The methylamine salt was regenerated by 
evaporating to dryness a solution of the barbituric acid in methanolic methylamine; it was 
identical (m. p. and infrared absorption) with the salt isolated from the hydrogenation; its 
isolation from the hydrogenation products was complicated initially by its slow conversion into 
the oxazolid-2 : 4-dione described below. 


22 Leuchs, Ber., 1907, 40, 1084. 
*3 Org. Synth., Coll. Vol. II, p. 279. 
*4 Cope, Heyl, Peck, Eide, and Arroyo, J.-Amer. Chem. Soc., 1941, 68, 356. 
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3 : 5-Dimethyl-5-methylcarbamoyloxazolid-2 : 4-dione (VIII).—A slow stream of nitrogen 
was passed through a boiling solution of methylamine 1 : 3: 5-trimethylbarbiturate (0-5 g.) in 
ethanol (20 c.c.) and then into aqueous boric acid containing Methyl Red; the indicator did not 
change during 14 hr. Oxygen was then passed through the boiling solution, and an alkaline 
reaction of the indicator was observed after 10 min., and in 7 hr. evolution of methylamine 
(titration equivalent 17-5 c.c. of 0-1N-HCl) had reached 70% of the calculated figure. Evapor- 
ation of the ethanol and extraction of the residue with carbon tetrachloride left recovered 
methylamine salt (0-15 g., 30%), and from the concentrated carbon tetrachloride solution 
(10 c.c.) 3: 5-dimethyl-5-methylcarbamoyloxazolid-2 : 4-dione (0-1 g., 31%) crystallised in needles, 
m. p. 115—116° raised to m. p. 117° by recrystallisation [Found: C, 45-2; H, 5-8; N, 146%; 
M (Rast), 189. C,H,O,N, requires C, 45-2; H, 5-4; N, 15:1%; M, 186-2], vay (in CCl; 
CaF, prism) were observed for free and hydrogen bonded amide N-H at 3450 and 3400 cm. 
and for carbonyl (+1 cm.) at 1831, 1762, 1740, and 1705 cm."1. 

Hydrogenation of 1: 3-Dimethyl-5-N-methylanilinomethylenebarbituric Acid.—(a) Methyl- 
aniline (0-17 g., 44%) was isolated after hydrogenation of the N-methylanilino-compound (1 g.) 
in ethanol at 60°/1 atm. Hydrogen (2 mol.) was absorbed rapidly at constant rate. 

(b) 1: 3-Dimethyl-5-N-methylanilinomethylenebarbituric acid (2 g.) in ethanol (100 c.c.) 
was hydrogenated at 70°/35 atm. for 15 hr. and the cooled suspension was filtered from the 
catalyst. Ethanol was distilled from the filtrate after addition of a few drops of hydrochloric 
acid, and an aqueous solution of the residue was extracted with ether, to give 1 : 3: 5-trimethyl- 
barbituric acid (0-96 g., 77%) which crystallised from benzene—hexane in needles (0-6 g., 48%), 
m. p. 86—89°. The bases (0-3 g.) were extracted with ether, dried (MgSO,), and distilled, and 
analysis by gas chromatography on a silicone column showed N-methylcyclohexylamine and 
N-methylaniline in ratio 5: 1 (from the area under the curve). Addition of a benzene solution 
of picric acid to a solution of the bases in benzene gave methylcyclohexylamine picrate, needles 
(0-5 g.), m. p. 168—170° (lit.,25 170°). 

Hydrogenation of 5-Anilinomethylene-1 : 3-dimethylbarbituric Acid.—The acid (2 g.) in ethanol 
(100 c.c.) was hydrogenated for 15 hr. at 70—80°/35 atm. The catalyst was removed and the 
ethanolic filtrate was evaporated after addition of a few drops of hydrochloric acid. An aqueous 
solution of the residue was extracted with ether to remove acidic products (A) (see below), and 
the aqueous layer was then basified with sodium hydroxide and again extracted with ether. 
Evaporation of the dried (MgSO,) extract left a mixture of bases (0-5 g.) with wide b. p. range 
found by gas chromatography on a silicone column to contain cyclohexylamine, aniline, and 
dicyclohexylamine in approximately equal quantities. The bases were identified by retention 
times, and the identity of aniline was confirmed by diazotisation and coupling with 2-naphthol, 
and of dicyclohexylamine by the isolation of its hydrochloride, m. p. 338° [lit.,2® m. p. 344° 
(corr.)]. 

Evaporation of the ethereal solution of the acidic products (A) left a residue of 1 : 3: 5-tri- 
methylbarbituric acid (0-5—0-7 g.), m. p. 81—84°, usually contaminated with a few crystals of 
1:3: 5-trimethyldialuric acid. These data are representative for four experiments, but in two 
others similarly conducted the entire acidic product extracted by ether proved to be 1: 3: 5- 
trimethyldialuric acid, which crystallised from benzene in needles or prisms without solvent of 
crystallisation, which distinguishes the dialuric acid from the barbituric acid. When heated 
in vacuo at 65° for several hours, the needle-shaped crystals — - into prisms, m. p. 107° 
(Found: C, 45-6; H, 5-65; N, 15-1. C,H,.O,N, requires C, 45-2; H, 5-4; N, 15-1%). In 
Nujol mull the dialuric acid had a band at 2-87 p while 1 : 3-dimethyldialuric acid and 5-chloro- 
methyl-1 : 3-dimethyldialuric acid 2” had bands at 2-82 and 2-84. An alcoholic solution of the 
1: 3: 5-trimethyldialuric acid did not take up bromine at room temperature; when boiled with 
methanolic methylamine the dialuric acid gave 3: 5-dimethyl-5-methylcarbamoyloxazolid- 
2: 4-dione (38%), m. p. 116-5—117° (from carbon tetrachloride). °* 

Di-(1 : 3-dimethylbarbitur-5-yl)methane.—(a) Aniline hydrochloride (3-25 g.) and 1: 3-di- 
methylbarbituric acid (3-9 g.) were melted together and then heated at 140° during the dropwise 
addition of diethoxymethane (3-2 c.c.). A white solid separated immediately and after a 
further 5 minutes’ heating the residue was cooled and triturated with warm water. The water- 
insoluble material (3 g.), which crystallised from benzene in prisms, and from ethanol in needles, 

25 Skita and Rolfes, Ber., 1920, 58, 1250. 


26 Beilstein’s “‘ Handbuch der Organischen Chemie,”’ Vol. XII, E II, p. 
#7 Biltz and Paetzold, Annalen, 1923, 438, 74; Arndt, Eistert, and Ewer, Ber., 1929, 62, 44. 
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consisted of di-(1 : 3-dimethylbarbitur-5-yl)methane, m. p. 167—168° (Found: C, 48-6; H, 5-1; 
N, 17-0; O, 29-3. C,3H,,O,N, requires C, 48-2; H, 5-0; N, 17-3; O, 29-6%). 

(6) The methine (VII) (0-5 g.) in ethanol (100 c.c.) containing 1 drop of concentrated hydro- 
chloric acid was hydrogenated over Adams catalyst at 50°/1 atm. until the solution was colourless 
(5—6 hr.). The catalyst was removed and after concentration of the filtrate to 40 c.c. the 
dibarbiturylmethane crystallised in needles (0-27 g., 54%), m. p. 163—168° raised to m. p. and 
mixed m. p. 167—168° by recrystallisation from benzene. 

4: 4’-Di(methylamino)-3 : 3’-dinitrodiphenylmethane.—N-Methyl-o-nitroaniline in anhydrous 
ether was converted by dry hydrogen chloride into the sparingly soluble colourless hydrochloride, 
m. p. 125—126° (decomp., with loss of HCl), which was dried in vacuo over sulphuric acid. The 
hydrochloride (3 g.) and diethoxymethane (7 c.c.) were heated in an oil-bath at 115°, and further 
diethoxymethane (2 c.c.) was added after 5 hr. The mixture was heated for 8} hr. (total), and 
ethanol and the excess of diethoxymethane were then removed under reduced pressure. A 
benzene solution of the crystalline residue was washed with dilute aqueous sodium hydroxide 
and then chromatographed on alumina: N-methyl-o-nitroaniline (0-94 g.) was not retained, 
and 4: 4’-di(methylamino)-3 : 3’-dinitrodiphenylmethane (0-8 g.) was eluted with benzene more 
slowly. Crystallisation from benzene (crystals retain benzene) and then ethanol gave dark 
red needles, m. p. 191—192° [Found: C, 56-9; H, 5:3; N, 17-3%; M (Rast), 342. 
C,;H,,0,N, requires C, 57-0; H, 5-1; N, 17-7%; M, 316-4]. 

Interaction of Diethoxymethane, N-Methyl-o-nitroaniline, and 1 : 3-Dimethylbarbituric Acid.— 
N-Methyl-o-nitroaniline hydrochloride (4-5 g.), 1 : 3-dimethylbarbituric acid (3-9 g., 1-05 equiv.), 
and diethoxymethane (5 c.c.) were heated at 110° (bath) under reflux for 14 hr. The excess of 
liquids was removed by distillation, and the residue warmed and stirred with dilute aqueous 
ammonia (500 c.c.). Insoluble material (2 g.) was collected and crystallisation from benzene 
gave 4: 4’-di(methylamino)-3 : 3’-dinitrodiphenylmethane (0-84 g.), m. p. and mixed m. p. 
186—189°. The dark red ammoniacal filtrate was extracted with chloroform, and the extract 
dried (MgSO,) and evaporated; chromatographing the residue on alumina then gave recovered 
N-methyl-o-nitroaniline (0-5 g.). The ammoniacal solution was then acidified and again 
extracted with chloroform, and evaporation of the dried (MgSO,) extract left a residue which 
was digested with boiling ethanol. The sparingly soluble product was collected as orange 
prisms (3-24 g.), m. p. 203—210° raised to m. p. 209—210° by several crystallisations from 
aqueous dimethylformamide (Found: C, 51-6, 51-4; H, 5-1, 5-0; N, 16-9, 17-0. C,,H,,O,N, 
requires C, 51-6; H, 5-0; N,17-2%). The product (X?) apparently contains two 1 : 3-dimethyl- 
barbituric acid moieties to each N-methyl-o-nitroaniline, as indicated by elementary analysis 
and confirmed by comparison of the extinction coefficients of the product and N-methyl-o- 
nitroaniline in the long-wave band at 425—435 my (Found: M, 474. C,,H,,O,N, requires 
M, 488-4). A Nujol mull of the product showed an absorption band at the same position 
(2-94 u) as N-methyl-o-nitroaniline. 


This work was conducted during tenure of a General Motors Holden Scholarship (by 
M. J. T.). We thank Mr. A. G. Moritz for infrared measurements. 


UNIVERSITY OF ADELAIDE, SOUTH AUSTRALIA. [Received, February 16th, 1959.) 
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482. The Configurations of Certain Isomeric 9,10-Substituted 
9,10-Dihydroanthracenes. 


By A. H. Beckett and R. G. LINGARD. 


The configurations of the stereoisomeric 9,10-dihydro-9, 10-dimethylanthr- 
acenes are established. The cis-isomer is prepared by a stereospecific 
reaction sequence from dimethyl cis-9,10-dihydroanthracene-9,10-dicarb- 
oxylate. A monoacid obtained by carboxylation of sodio-9-methylanthracene 
is shown to be cis-9,10-dihydro-9-methylanthracene-10-carboxylic acid. 


BADGER, GOULDEN, and WARREN ? appear to have been the first to isolate an authentic 
9,10-dihydro-9,10-dimethylanthracene (I or II; R = R’ = Me); the compound melted at 
101—102°. Mikhailov * later claimed to have prepared two other 9,10-dihydro-9,10-di- 
methylanthracenes, melting at 130° and 54—60° respectively, but while the former isomer 
was also reported by Sisido and Isida * and by Badger, Jones, and Pearce,‘ the latter com- 
pound has not been described elsewhere. Badger and his colleagues suggested,‘ and later 
assumed,® that the isomers melting at 101° and 130° were cis- and trans-respectively, but 
satisfactory evidence was lacking. 





Since the configurations of dimethyl cis- and trans-9,10-dihydroanthracene-9,10-di- 
carboxylates (I and II; R= R’ = CO,Me) had already been determined by Mathieu,® 
these esters were selected for conversion into methyl derivatives by the well-known stereo- 
specific route: 7 

—CO,Me —— —CH,°OH —— —CH,’OTs —— —Me (Ts = p-CgH,Me*SO,) 
LiAIH, TsCl LiAIH, 

Because both carboxylate groups in the cis-diester (I; R = R’ = CO,Me) were in the 
quasiaxial conformations ®* and therefore not seriously hindered sterically, ready conversion 
into cis-9;10-dihydro-9,10-dimethylanthracene was expected and confirmed, the final 
product melting at 130°. ; 

Greater difficulty was expected in the reduction of the ¢rans-isomer because one group 
is in the hindered quasiequatorial conformation. Reduction of one group and conversion 
into a methyl group as above seemed possible. However, the é¢rans-dimethyl ester (II; 
R = R’ = CO,Me) was not reduced by lithium aluminium hydride in ether, and a yellow 
polymeric product resulted when tetrahydrofuran was the solvent. 

The 9,10-dihydroanthracene-trans-9,10-dicarboxylic acid for preparation of the ¢rvans- 
dimethyl ester used in the latter reduction was prepared by two methods. One route ® 
involved addition of sodioanthracene in ether to a slurry of solid carbon dioxide in ether, 
conversion of the dicarboxylic acid in the mixed acids into the cis-anhydride and hydrolysis 


1 Badger, Goulden, and Warren, J., 1941, 18. P 

2 Mikhailov, Izvest. Akad. Nauk S.S.S.R., Otdel. khim. Nauk, 1946, 619. 

3 Sisido and Isida, J. Amer. Chem. Soc., 1948, 70, 1289. 

* Badger, Jones, and Pearce, J., 1950, 1700. 

5 Badger, ‘“‘ The Structures and Reactions of the Aromatic Compounds,”” Cambridge Univ. Press, 
1954, p. 109. 

§ Mathieu, Ann. Chim. (France), 1945, 20, 215. 

? Karrer, Portmann, and Suter Helv. Chim. Acta, 1948, 31, 1617; Karrer and Erhardt, ibid., 1951, 
34, 2202; Karrer and Dinkel, ibid., 1952, 36, 122: Hussey, Liao, and Baker, J. Amer. Chem. Soc., 1953, 
75, 4727; Dauben, Tweit, and MacLean, ibid., 1955, 77, 48. 

® Beckett and Mulley, J., 1955, 4159. 
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of the anhydride to the trans-dicarboxylic acid (II; R= R’ = CO,H) with aqueous 
alkali. An improved overall yield of the ¢vans-dicarboxylic acid was achieved by treating 
the crude mixed acids with aqueous alkali to produce a mixture of tvans-dicarboxylic and 
monocarboxylic acid, which were separated by making use of the poor solubility of the 
trans-acid in methanol or ether. 

Because of the failure to prepare the ¢vans-isomer (II; R = R’ = Me) by an unequivocal 
route, 9,10-dihydro-9,10-dimethylanthracene melting at 101° was prepared by a modific- 
ation of the method of Badger e¢ al.;* its infrared spectrum (chloroform solution) differed 
from that of the isomer melting at 130°, indicating that the two compounds were 
geometrical isomers and not merely polymorphic forms. The configurations allocated by 
Badger to these isomers should therefore be reversed. If the compound of m. p. 54—56° 
isolated by Mikhailov? is a pure 9,10-dihydro-9,10-dimethylanthracene, it must be a 
polymorph. 

Our configurational assignments facilitated the determination of the configuration of a 
monocarboxylic acid isolated in substantial yield from the product of addition of 9-methyl- 
sodioanthracene in ether to solid carbon dioxide. The melting point of this acid did not 
correspond with that of either of the dihydro-9-methylanthracenecarboxylic acids reported 
by Burtner and Cusic.! 

The 9-methylanthracenemonocarboxylic acid was isolated from the crude mixture of 
carboxylic acids after treatment with acetic anhydride and removal of the cis-anhydride 
which crystallised. Treatment with diazomethane, followed by the stereospecific reactions 
outlined above, gave cis-9,10-dihydro-9,10-dimethylanthracene, m. p. 128—130°. The 
acid was therefore cis-9,10-dihydro-9-methylanthracene-10-carboxylic acid. This will be 
the thermodynamically most stable of the meso-monocarboxylic acids, since the meso- 
substituents are here subjected to the least non-bonded interactions. Whether it is 
formed as a primary product of carboxylation or as a result of inversion of the less stable 
trans-isomer has not yet been established. 


EXPERIMENTAL 


Methyl Hydrogen cis-9,10-Dihydroanthracene-9,10-dicarboxylate.—Finely powdered cis-9,10- 
dihydroanthracene-9,10-dicarboxylic anhydride ! (5 g.) was heated in dry methanol (20 ml.) 
containing pyridine (10 drops) under reflux for} hr. The solution was poured into 10% hydro- 
chloric acid (50 ml.) and extracted with ethyl acetate. Evaporation of the solvent gave white 
crystals (5-6 g.), m. p. 172—173°, which were ground and shaken with 5% aqueous sodium 
hydrogen carbonate (100 ml.) for 10 min. The solution was filtered and slowly acidified 
(stirring) with 10% sulphuric acid. The white solid which separated was filtered off, washed 
with water, and dried to give a white powder (4-7 g.), m. p. 179—181-5°. Crystallisation from 
di-n-butyl ether (55 ml.) gave the methyl hydrogen ester (4-4 g., 78%) as prisms, m. p. 183— 
184° (lit.,12 m. p. 184—185°). With diazomethane in ether this gave dimethyl cis-9,10-dihydro- 
anthracene-9,10-dicarboxylate (3-1 g., 70%), m. p- 166—166-5° (lit.,6m. p. 166—167°). 

cis-9,10-Dihydro-9,10-bishydroxymethylanthracene.—Finely powdered dimethyl cis-9,10-di- 
hydroanthracene-9, 10-dicarboxylate (3 g.; m. p. 166—166-5°) in dry ether was stirred for 12 hr. 
with excess of lithium aluminium hydride. The product was decomposed with water and excess 
of 10% hydrochloric acid, and the aqueous layer extracted with ether. The combined ether 
solutions were dried (MgSO,) and evaporated to give cis-9,10-dihydro-9,10-bishydroxymethyl- 
anthracene (2-4 g., 99%), prisms, m. p. 166—168° (from methanol) (Found: C, 80-1; H, 6-8. 
C,gH,,0, requires C, 80-0; H, 6-7%). 

This diol (2-18 g.) and toluene-p-sulphonyl chloride (8-7 g.) in ice-cold pyridine (30 ml.) 
at 0° (1 hr.) and then at room temperature (20 hr.) gave the ditoluene-p-sulphonate (4-0 g., 
80%), needles, m. p. 177—177-5° (from dioxan) (Found: C, 65-7; H, 5-1; S, 11-7. C59H2.0,S. 
requires C, 66-3; H, 5-0; S, 11-7%). 

® Idem, Chem. and Ind., 1955, 146. 

10 Burtner and Cusic, J. Amer. Chem. Soc., 1943, 65, 1582. 


11 Beckett, Lingard, and Mulley, J., 1953, 3328. 
18 Rigaudy, Ann. Chim. (France), 1950, 5, 398. 
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cis-9,10-Dihydro-9,10-dimethylanthracene.—The preceding toluene-p-sulphonate (3-3 g.) in 
dry ether, was stirred with excess of lithium aluminium hydride for 3 days, then left with 
occasional shaking for 4 days. The product was rapidly filtered and the residue in the funnel 
washed with dry ether. The combined ether solutions were washed with 10% hydrochloric 
acid, then water, and dried (Na,SO,). Evaporation and crystallisation from ether gave cis- 
9,10-dihydro-9,10-dimethylanthracene (0-78 g., 62%) as rhombs, m. p. 130° (lit.,2 m. p. 130— 
131°) (Found: C, 92-5; H, 8-0. Calc. for C,,H,,: C, 92-3; H, 7:7%). 

trans-9,10-Dihydroanthracene-9,10-dicarboxylic Acid.—The acid was prepared as described 
by Beckett and Mulley,® and by the following route: 

Anthracene (50 g.), powdered sodium (20 g.), and glass chips were shaken in dry ether 
(450 ml.) in a stoppered separatory funnel. After a few minutes, the mixture became a deep 
blue-black, and the stopper was rapidly replaced by a reflux condenser fitted with a calcium 
chloride guard-tube. The ether boiled and, when the reaction had subsided, the funnel was 
closed and shaken for 3 days. Then the contents were poured on carbon dioxide in dry ether 
(500 ml.), most of the excess of sodium being retained in the funnel. The flask and contents 
were allowed to warm overnight to room temperature. Water (100 ml.) was added, the ether 
layer was extracted with sodium hydroxide solution, and the acids were precipitated from the 
aqueous extracts by concentrated hydrochloric acid, filtered off, and washed with water and a 
little ether to give 9,10-dihydroanthracenecarboxylic acids (55 g.) as a white powder. 

The mixed crude acids (80 g.) (titration indicated 28 g. of monocarboxylic acid and 52 g. of 
dicarboxylic acids) were heated in 5% aqueous sodium hydroxide (600 ml.) under reflux for } hr., 
and the solution was cooled, filtered, and acidified (stirring) with concentrated hydrochloric acid. 
The precipitated acids were filtered off, washed with water, dried, and ground to give a mixture 
(77-6 g.) of acids. These were shaken with methanol (750 ml.) for } hr. and filtered off, to give 
a white powder (31 g.), m. p. 305—307°. Further shaking of the powder with methanol (300 ml.) 
for 4 hr. left tvans-9,10-dihydroanthracene-9,10-dicarboxylic acid (26 g.), m. p. 310—312° 
(decomp.) (Found: equiv., 133. Calc. for C,gH,,0O,: equiv., 134). Crystallisation from glacial 
acetic acid did not alter the m. p. Beckett and Mulley ® reported m. p. 309—310° (decomp.). 

The trans-dicarboxylic acid with excess of diazomethane in ether gave the dimethyl ester 
(19-3 g., 83%) as plates, m. p. 165—165-5° (lit.,¢ m. p. 166—167°) ; admixture with cis-9,10-di- 
hydroanthracene-9,10-dicarboxylate, m.p. 165°, depressed the m. p. 

trans-9,10-Dihydro-9,10-dimethylanthracene.—Anthracene (10 g.) in dry ether (450 ml.) was 
shaken with powdered sodium (10 g.) for 4 days in a flask fitted with a stoppered adaptor to the 
side arm of which was attached a Bunsen valve. The stopper was then replaced by a rubber 
cap that was pierced by the tip of a pipette through which methyl iodide was added until the 
blue colour was discharged and did not return after several minutes’ shaking. The mixture was 
filtered, and the solid rapidly washed with dry ether. Evaporation of the combined ether 
solutions left a sticky, pale yellow solid (9-25 g.). This (5-0 g.), when cooled in ether (10 ml.) by 
ether-solid carbon dioxide, gave white crystals (0-7 g.), m. p- 95°. Recrystallisation from 
ethanol gave tvans-9,10-dihydro-9,10-dimethylanthracene (0-6 g., 9:5%) as leaflets, m. p. 
100—101° (lit.,4 m. p. 101—102°). 

cis-9,10-Dihydro-9-methylanthracene-10-carboxylic Acid.—9-Methylanthracene # (20 g.), 
powdered sodium (10 g.), and glass chips in dry ether (450 ml.) were shaken and added to solid 
carbon dioxide as described for the preparation of 9,10-dihydroanthracenecarboxylic acids; 
they gave crude 9,10-dihydro-9-methylanthracenecarboxylic acids (26 g.). The dicarboxylic 
acids were converted into the cis-anhydride. Evaporation of the mother-liquor from the 
first crop of anhydride, to about half-volume, gave a less pure second crop of the anhydride, and 
the mother-liquor therefrom was evaporated down to an orange gum that was dissolved in ether 
and left overnight. A solid was precipitated; it was filtered off, washed with ether, and dried 
(yield, 1-7 g.; m. p. 153—154°) and crystallised from acetic acid (10 ml.), to give cis-9,10-di- 
hydro-9-methylanthracene-10-carboxylic acid (1-5 g., 16%) as colourless plates, m. p. 225—226° 
(Found: C 80-6; H, 6-1%; equiv., 237. C,,H,,O, requires C, 80-7; H, 5-9%; equiv., 238). 
The ether filtrate from the crude monocarboxylic acid (m. p. 153—154°) was evaporated to a 
small volume, heated with dilute sodium hydroxide (40 ml.) under reflux for 10 min., cooled, 
and filtered. Slow acidification of the filtrate with concentrated hydrochloric acid gave a 
yellow, sticky solid which, crystallised from acetic acid, gave a further 1-7 g. (18%) of cis-9- 
methyl-10-carboxylic acid, m. p. 223—-234° (total yield, 34%). 

13 Sieglitz and Marx, Ber., 1923, 56, 1619. 
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The monocarboxylic acid (3-5 g.) with diazomethane in ether gave the methyl ester (3-2 g., 
86%), rhombs, m. p. 89—90° (Found: C, 80-5; H, 6-2. C,,H,,O, requires C, 80-9; H, 6-4%). 

cis-9,10-Dihydro-10-hydroxymethyl-9-methylanthracene.—Methy] cis-9,10-dihydro - 9 -methyl- 
anthracene-10-carboxylate (3-0 g.) in dry ether was stirred with excess of lithium aluminium 
hydride for 12 hr., then treated with water and dilute hydrochloric acid, and the aqueous layer 
was extracted with ether. Evaporation of the ether extracts gave very pale yellow plates 
(2-7 g., 100%), m. p. 136—137°. Recrystallisation from ether gave cis-9,10-dihydro-10-hydroxy- 
methyl-9-methylanthracene (0-25 g.), plates, m. p. 137—137-5° (Found: C, 85:3; H, 7-2. 
C,,H,,O requires C, 85-7; H, 7-2%). 

This gave a toluene-p-sulphonate, prisms (from di-n-butyl ether), m. p. 133-5—134-5° (Found: 
C, 72-3; H, 5-7. C,,H,.0,S requires C, 73-0; H, 5-9%). 

cis-9,10-Dihydro-9,10-dimethylanthracene.—The above monotoluene-p-sulphonate (3-2 g.) in 
dry tetrahydrofuran (100 ml.) was stirred with excess of lithium aluminium hydride for 12 hr. 
The solvent was evaporated until the volume of the solution was ca. 20 ml., and the residue 
treated with water and dilute hydrochloric acid. The aqueous layer was extracted with ether, 
and the ether evaporated to yield a yellow solid (1-74 g.), m. p. 109—110°. Crystallisation 
from ether gave cis-9,10-dihydro-9,10-dimethylanthracene (1-3 g., 74%) as rhombs, m. p. and 
mixed m. p. 128—130°. 


The Isolation and 


ScHOOL OF PHARMACY, CHELSEA COLLEGE OF SCIENCE AND TECHNOLOGY, 
Lonpon, S.W.3. [Received, March 5th, 1959.] 





483. The Isolation and Structure of Geigerinin, a Guaianolide. 
By J. P. DE VILLIERs. 


A new bitter principle, geigerinin, has been isolated from Geigeria aspera 
Harv. It is a guaianolide containing two easily esterified hydroxyl groups 
and a vinyl group, and gives chamazulene on dehydrogenation. The struc- 
ture (V) is proposed for geigerinin, though an isomer remains a possibility. 


“ VERMEERBOS ”’ (Geigeria spp.) grows abundantly in many parts of South Africa and is 
annually responsible for heavy losses of sheep due to ‘“‘ vermeersiekte ”’ (vomiting disease). 
From Geigeria aspera Harv., Rimington and Roets! isolated geigerin and vermeerin. 
As a result of later work by Perold? and by Barton and Levisalles,* structure (I) was 
established for geigerin. 

A new sesquiterpenoid lactone, geigerinin, has now been isolated from G. aspera. Its 
presence, together with geigerin, has also been demonstrated by paper chromatography 
in G. africana Gries., the species mainly responsible for “‘ vermeersiekte.”’ 

Geigerinin, C,;H,,0,, contains a y-lactone group (infrared maximum at 1761 cm.*), two 
easily acetylated hydroxyl groups, and a double bond. Dehydrogenation with palladium— 
charcoal gave chamazulene, showing that geigerinin has the usual carbon skeleton of the 
guaianolides ¢ (II), or the alternative structure with the lactonised hydroxyl at position 8. 
Ozonolysis of geigerinin yielded formaldehyde, indicating that the double bond is in a 
vinyl group. The position and intensity of the’ ultraviolet absorption of geigerinin (Amax. 
209, log « 4) require the double bond to be conjugated with the carbonyl group of the 
lactone, and the double bond must therefore be in the 13,14-position in (II). Similar 
ultraviolet absorption is ascribed by Biichi and Rosenthal ® to the unsaturated lactone 
chromophore in helenalin (III). Geigerinin shows a strong infrared peak at 820 cm.+ 
which is absent from the spectrum of dihydrogeigerinin. Helenalin, containing a 


1 Rimington and Roets, Onderstepoort J. Vet. Sci., 1936, '7, 485. 
2 Perold, J., 1957, 47. 

* Barton and Levisalles, J., 1958, 4518. 

4 Cekan, Herout, and Sorm, Chem. and Ind., 1954, 604. 

5 Biichi and Rosenthal, J. Amer. Chem. Soc., 1956, 78, 3860. 
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trisubstituted double bond and an unsaturated lactone, shows two peaks at 820 and 
830 cm.+, neither being shown by tetrahydrohelenalin.® 

Geigerinin reduced 1 mol. of periodate, indicating vicinal hydroxyl groups, and, as the 
ease of acetylation makes it unlikely that either hydroxyl is tertiary, the only possible 
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positions for the hydroxyls are 2,3 or 8,9 in (II). Heating geigerinin with alumina in an 
attempt to dehydrate it 7 gave a new compound, anhydrogeigerinin, C,;Hj.90;. This shows 
no infrared hydroxyl absorption, but has an additional carbonyl band at 1739 cm. 
indicative of a cyclopentanone. Like geigerinin, it has only one double bond, and its 
ultraviolet spectrum is identical with that of geigerinin, except for the shoulder caused by 
the isolated ketone group at 290 mu. As the only possibilities for a cyclopentanone system 
are with the carbonyl group at position 2 or 3 in (II), anhydrogeigerinin has the structure 
(IV) and geigerinin the structure (V). 

An alternative series of structures with the lactonised hydroxyl in position 8 has, how- 
ever, not been excluded. 


EXPERIMENTAL 


Ultraviolet spectra were measured for 96% ethanol solutions in a Unicam S.P. 500 spectro- 
photometer. The infrared spectra were measured in a Perkin-Elmer Model 21 spectro- 
photometer for potassium bromide discs. M. p.s are corrected. Geigeria aspera was obtained 
through the courtesy of Mr. Tom du Toit from his farm “‘ Schaapplaats ”’ near Wolwehoek, 
Orange Free State. 

Geigerinin.—Ground, air-dried G. aspera was extracted with cold chloroform. Removal of 
the solvent gave a viscous, dark green tar, which was dissolved in 1 : 4 v/v aqueous ethanol and 
extracted repeatedly with pentane. The ethanol solution was boiled with charcoal and filtered. 
The clear yellow-brown filtrate was diluted with brine to give an aqueous phase, containing 30%, 
of ethanol and 5% of sodium chloride, which was extracted with chloroform until it had a light 
straw colour and was no longer bitter. Removal of the chloroform left a very viscous tar. 

Chromatography of this tar on acid-washed alumina, with 3 : 1 benzene—chloroform as eluant, 
gave two major fractions, the first being a complex mixture and the second consisting essentially 
of geigerin. Subsequent elution of the column with ethanol and removal of the solvent afforded 
a yellow-green viscous oil. Trituration of this residue with acetone yielded white crystalline 
geigerinin, which on recrystallisation from methanol had m. p. 202—203°, [a],,2® —10-7° (c 2-3 
in ethanol), Amax, 209 my (log e 4) (Found: C, 67-4; H, 8-6%; equiv., by lactone titration, 266. 
C,;H,.O0, requires C, 67-6; H, 8-3%; M, 266). 

The molecular weight was determined from crystallographic measurements by Mr. G. Gafner 
(National Physical Research Laboratory, C.S.I.R., Pretoria) who reports: “‘ Cell dimensions 
were measured from oscillation and Weissenberg photographs and are: a = 13-745 A, b= 
7-796 A, c = 13-291 A, 8 = 92°. The density was determined by flotation to be 1-24 g./c.c. 


* Adams and Herz, ibid., 1949, 71, 2546. 
7 Cook, Loudon, and McCloskey, J., 1954, 4176. 
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On the assumption of 4 mol./unit cell, this gives a molecular weight of 266 + 4. The only 
systematic absence is (0k0) absent for k odd. Laue symmetry is 2/m, thus the space group 
is P2,.” 

Geigerinin was soluble in ethanol and very sparingly soluble in acetone, chloroform, carbon 
disulphide, or water. It did not give a colour with ferric chloride or tetranitromethane. It 
was insoluble in sodium hydrogen carbonate solution, but dissolved slowly in aqueous sodium 
hydroxide; only polymeric material was recovered on acidification. With acetic anhydride— 
perchloric acid it readily yielded a diacetate as white rods, m. p. 158°, [«],,2* —33-9° (c 4-2 in 
ethanol) (Found: C, 65-5; H, 7-7; Ac, 26-0. C,,H,,O, requires C, 65-1; H, 7-4; Ac, 25-3%). 
On hydrogenation over Adams platinum oxide in ethanol, geigerinin absorbed 1-01 mol. of 
hydrogen, to give dihydrogeigerinin, m. p. 152—154°, [«],,8 +-15-3° (c 2-1 in ethanol), Amax 219 
(log « 2-6) (Found: C, 66-7; H, 9-1. C,,H,,O, requires C, 67-1; H, 9-0%). Acetylation gave 
dihydrogeigerinin diacetate, m. p. 171—172°, [«],,2* —48° (c 0-5 in ethanol) (Found: C, 64-9; H, 
8-3; Ac, 24-4. C,)H,,O, requires C, 64:8; H, 8-0; Ac, 24-4%). 

Dehydrogenation of Geigerinin.—Geigerinin (0-75 g.) and 30% palladised charcoal (100 mg.) 
were heated to 330° in two lots for 2 hr. in nitrogen. The mixture was extracted with pentane 
and ethanol (10 ml.), and the residue heated for a further hour. After being washed with water 
and dried, the extracts were chromatographed on alumina to give an intense blue oil (19-9 mg.), 
Amax, 244, 283, 343, and 365 my (log ¢ 4-28, 4-41, 3-41, and 3-1, respectively). With 1,3,5-tri- 
nitrobenzene, black needles (5 mg.) were obtained which, on recrystallisation from ethanol, had 
m. p. 132—133° alone or mixed with the chamazulene adduct. 

zonolysis of Geigerinin.—Geigerinin (500 mg.) in acetic acid (15 ml.) was treated with a 
stream of oxygen, containing 15 mg. of ozone/min., for 45 min. The mixture was steam- 
distilled into aqueous dimedone. On neutralisation of the distillate a precipitate was formed 
(113 mg., 20%) which had m. p. 191° alone or mixed with formaldehyde dimethone. 

Periodate Oxidation.—Geigerinin (0:1407 g.) was dissolved in ethanol (5 ml.), 2m-potassium 
periodate (2 ml.) added, and the solution made up to 10 ml. with water. After 24 hr. the 
solution (2 ml.) was added to potassium iodide solution, excess of standard sodium arsenite 
added, and the solution titrated with standard iodine. Geigerinin consumed 1-37 g.-atom of 
oxygen per mole. 

Anhydrogeigerinin.—Geigerinin (500 mg.), mixed with alumina (1 g.), was heated at 180— 
190°/2 mm. During 16 hr. 210-6 mg. of sublimate were collected, chiefly as a glass which 
crystallised as feathery needles. Recrystallisation from methanol gave anhydrogeigerinin, m. p. 
152—153°, [«],,* +65° (c 0-8 in ethanol), Amax, 209 my (log « 4), shoulder 290 my (log e 1-5), 
Vmax, 1770 (y-lactone) and 1739 cm. (cyclopentanone) (Found: C, 72-2; H, 8-2. C,;H,.O0; 
requires C, 72-6; H, 81%). It gave no tetranitromethane colour and on microhydrogenation 
absorbed 1-2 mols. of hydrogen. Anhydrogeigerinin gave an orange 2,4-dinitrophenylhydrazone, 
m. p. 235° (Found: C, 58-6; H, 5-6. C,,H,,O,N, requires C, 58-9; H, 5-6%). 





Mr. G. Gafner is thanked for the crystallographic measurements and Mr. D. F. Gouws for 
technicalassistance. The gift of a sample of chamazulene-trinitrobenzene adduct by Dr. G. W. 
Perold of the South African Iron and Steel Industrial Corporation, and many helpful discussions 
with Dr. P. R. Enslin are gratefully acknowledged. 
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484. Solutions of Alcohols in Non-polar Solvents. Part V.* Values 
at 0° c of the Coefficients of Expansion, the Isothermal Compressibility, 
and the Quantity (dS/aV), for the Normal Primary Alcohols from 
Methanol te Octanol. 


By W. P. McKinney, G. F. SKINNER, and L. A. K. STAVELEY. 


Measurements have been made at 0° c of the coefficient of expansion « 
and the isothermal compressibility 8 of the first eight normal primary 
alcohols. The derived values of (@S/8V)7, = «/8, which have a probable 
error of ~+0-6%, do not show any simple dependence on the number of 
carbon atoms in the alcohol molecule. A relatively large increase in (0S/@V) 7 
from ethanol to propanol is followed by a decrease for the next two stages of 
the ascent of the series, but from pentanol onwards there is an increase. 
Since (8S/éV) 7 is a measure of the rate at which the entropy increases when 
the molecules of the liquid are separated isothermally, it should be greater 
the more ordered the liquid and the more disorder it has to gain on expansion. 
It therefore seems that the relative degree of order in the normal primary 
alcohols is not a simple function of the length of the hydrocarbon chain. 


Previous Parts have shown that some properties of dilute solutions of primary alcohols 
and glycols in non-polar solvents do not alter smoothly with increasing chain length of the 
solute molecules. There is sometimes evidence of alternation effects from one alcohol to 
the next, and sometimes changes in the solute-solvent relation when a certain chain 
length is reached. It is therefore pertinent to ask how, for the pure primary 
liquid alcohols, properties related to the intermolecular order alter with increasing chain 
length. An obvious property to examine is the entropy of vaporization, compared for 
different alcohols on the basis of the Hildebrand rule. Since any structural peculiarities 
will be more marked the lower the temperature, it is desirable to make this comparison at 
low rather than high temperatures. However, when the vapour pressure of a liquid is 
small, it is not easy to determine the heat of vaporization precisely enough either directly 
by calorimetry or indirectly from vapour-pressure measurements. We have therefore 
measured instead the quantity (@S/8V)7. This measures, in effect, the rate at which the 
entropy of the system increases as the molecules are separated isothermally. The more 
ordered a liquid, the more disorder it has to gain on separating its molecules. It is reason- 
able to suppose that this will be reflected in the value of (2S/@V)7. This quantity has the 
great advantage of being accurately measurable however involatile the liquid, since it is 
identically equal to «/8, where « is the coefficient of expansion and 8 is the isothermal 
compressibility. (@S/@V)7 is also equal to (@p/@T)y, the product of which with T is the 
so-called internal pressure which in the hands of Hildebrand and others has played such a 
large part in solution theory. Measurement of « and @ is in fact one of the best methods of 
determining the internal pressure, but as Hildebrand and Scott have pointed out,? it has 
not been used as much as it might since values of « in the literature are sometimes 
ambiguously expressed and values of 8 are often mean values over a pressure range. The 
values of « and § now presented are the true thermodynamic values for each alcohol under 
a pressure of one atmosphere. 

As a compromise between experimental convenience, the preference for a low temper- 
ature (which favours greater order within the liquid), and the need to compare as many 
alcohols as possible (after propanol, their m. p.s rise continuously), we have made measure- 
ments at 0° on the first eight normal primary alcohols. 


* Part IV, Staveley and Milward, J., 1957, 4369. 


1 Hildebrand and Scott, “‘ Solubility of Non-electrolytes,’’ Reinhold Publishing Corporation, New 
York, 1950, p. 427. 
4K 
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EXPERIMENTAL 

The isothermal compressibility of each alcohol at 0° was determined by applying pressures 
up to 45 atm. and measuring the change in volume. The piezometer used (Fig. 1) had walls 
6 mm. thick and a capacity of ca. 30 ml. The emergent capillary was in two parts. The upper 
part, ending in an A7 cone, was ca. 3 mm. i.d. to allow for expansion. The rest of the capillary 
was ca. 1 mm. i.d., and had been accurately calibrated over a length of 18 cm. adjacent to the 
wider capillary. This portion also had etched reference marks. In Fig. 1 the piezometer is 
shown attached to the fitting used to join it to the metal line leading to the source of pressure 
(a nitrogen cylinder) and the pressure gauges. This fitting simplified removal and replacement 
of the piezometer. There is a slight bulge in the glass just below the A7 cone so that the cone 
cannot be forced through the hole in the metal washer 5. Three Bourdon pressure gauges 
(N.P.L. calibrated) were used, reading respectively to 20, 40, and 60 atm. 

To fill the piezometer, it was inverted and joined by its cone and a socket (the union being 
then mercury-sealed) to a system of stopcocks communicating with reservoirs containing the 
alcohol and mercury and with a vacuum pump. After evacuation it was almost filled with 


Fic. 1. 

(1) Piezometer, capacity ca. 30 ml. 

(2) Capillary, ca.l1mm.i.d. This extends most 
of the way across the gap of about 40 cm. 
between the top of the piezometer and the 
brass head, the upper part of the capillary 
being calibrated. 

(3) Capillary, ca. 3 mm. i.d., sealed to the 
narrower capillary. 

- (4) A7 cone. 

° (5) Split brass washer. 

(6) Hard-rubber packing. 

(7) Brass collar. 

/ (8) Metal outlet to gauges and source of 

pressure. 
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alcohol. The important operation of drying the inside of the capillary was effected either before 
the mercury was admitted by cooling the alcohol and warming the capillary, or else by filling 
the remaining space of the piezometer with mercury and then cooling the bulb until the mercury 
had withdrawn almost completely into it, when light petroleum was injected into the capillary 
and then removed by pumping. The amount of mercury was finally adjusted until, with the 
piezometer in melting ice, the mercury meniscus in the capillary at atmospheric pressure was 
near the top of the calibrated section. The separate volumes of the alcohol and mercury in the 
piezometer were calculated from the sum of the masses of the two liquids and the known internal 
volume of the piezometer. ; 

To measure the compressibility of an alcohol, the pressure was increased in stages to ca. 10, 
20, 30, 40, and 45 atm. and decreased in stages to ca. 35, 25,15, and 5atm. At the end of each 
pressure change, after about 15 min. had elapsed for thermal equilibrium to be restored, the 
distance between the mercury meniscus and a suitable reference mark was measured to 0-01 mm. 
Each pressure was measured to ca. 0-1%. In calculating the pressure on the liquid, allowance 
was made for the changing height of mercury in the capillary. To calculate the compressibility 
of the alcohol it was necessary to allow for the compression of the mercury and for the bulging of 
the piezometer under pressure. The correction for the mercury was small as its volume was 
usually only between 2 and 3 ml. The correction for the bulging of the vessel amounted to 
between 8 and 13% of the total observed volume change. It was accurately determined by 
carrying out a series of compressibility determinations on water. From the observed volume 
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decreases were deducted the contraction due to the mercury and that due to the water, the latter 
being calculated from the compressibility results for water at 0° of Marshall, Staveley, and 
Hart.? A plot of the resulting values for the increase in volume of the piezometer against the 
applied internal pressure gave a good straight line of slope 0-2488 x 10% ml./atm. There was 
no detectable difference between the points measured in compression and those measured in 
decompression. 

The coefficient of expansion « of each alcohol was measured from ca. —14° to ca. +14°. 
The apparatus was that described by Burlew,? but for greater precision a larger dilatometer was 
used of capacity ca.10ml. This made it necessary to control the temperature of the dilatometer 
to +0-001°. The thermostat consisted of a 61. Dewar vessel filled with a water—alcohol mixture. 
This could be cooled fairly rapidly with solid carbon dioxide to the lowest temperature required. 
Cold gaseous oxygen was then sent from a reservoir of liquid oxygen through a vacuum-jacketed 
tube into a copper tube in the water—alcohol mixture, so that, without any heating, the thermostat 
just cooled. The oxygen was boiled off from the reservoir by electrical heating; fine control of 
the rate at which the thermostat tended to cool was easily achieved by controlling this current. 
To maintain temperature constancy, counter-heating was then applied to the thermostat fluid 
by use of a toluene regulator with a Sunvic proportionating head in the usual way. The temper- 
ature could be held constant to +0-001° for as long as necessary. Temperatures were measured 
with the platinum resistance thermometer used by Marshall, Staveley, and Hart.? After the 
dilatometer had been filled with alcohol as described by Burlew,’ it was cooled to 0° with the tip 
immersed in mercury. When equilibrium had been reached, the mercury reservoir was removed 
and a small empty reservoir fixed to the outlet to catch the mercury expelled when the dilato- 
meter warmed to room temperature before being weighed. The volumes of alcohol and mercury 
in the dilatometer were estimated from the total weight of alcohol and mercury filling it at 0°, 
the known capacity of the dilatometer, and the measured density of each alcohol at 0°. With 
the tip of the dilatometer dipping under mercury contained in a small bucket, the dilatometer 
was cooled to the starting temperature of ca. — 16° and allowed to reach thermal equilibrium, 
which required about 1 hr. The bucket was then removed and replaced by a weighed bucket 
containing some mercury and, the temperature of the thermostat having been measured, the 
thermostat was heated about 4°. After thermal equilibrium had been restored and the new 
temperature recorded, the bucket was removed, dried in a desiccator containing mercury, and 
replaced by a similar weighed bucket also containing mercury. The whole process was then 
repeated. Much more consistent results were obtained by using a bucket with enough mercury 
to enable the top of the dilatometer to be dipped into it just before the removal of the bucket 


All values refer to 0°. pops, is the measured density of the alcohol in g./ml., py. the value selected by 
Timmermans. f, is the isothermal compressibility at 1 atm. in atm.-1, b the quantity in the 
equation B = B, — bp, where p is the pressure on the alcohol in atm. in excess of 1 atm. a, is the 
coefficient of expansion of the alcohol at 0°, a the quantity in the equation « = a, + at, where ¢ is 
the temperature in °c. The two equations are valid to ca. 45 atm. and from —14° to +14° 
respectively. The ratio a»/B, is in atm./deg. 


Methanol Ethanol Propanol Butanol 
idle. saccineunegucentte 0-81000 0-80624 0-81949 0-82461 
i cxcbmainebaieaaieie 0-81005 0-80625 0-81926 082472 
_, arr 108-3 + 0-59 100-0 + 0-60 85-42 + 0-38 82-03 + 0-36 
_ 0-18 + 0-024 0-168 + 0-023 0-144 + 0-014 0-120 + 0-014 
a ee 1-1522 + 0-0002 1-0505 + 0-:0003 0-9618 + 0-0004 0-9116 + 0-0004 
BN cibctoncsceamsencns 1-53 + 0-02 1-75 + 0-03 0-99 + 0-04 0-94 + 0-04 
GE © scacncsacsesess 10-63 + 0-06 10-50 + 0-06 11-26 + 0-05 11-11 + 0-05 
Pentanol Hexancl Heptanol Octanol 
Bilin, athncnesthansennnd 0-83085 0-83284 0-83652 , 0-83895 
a ee veers 0-82897 0-83285 — 0-84216 
aaa 78-08 + 0-29 75-63 + 0-46 71-38 + 0-47 69-06 + 0-43 
___,_ BS ee 0-109 + 0-005 0-157 + 0-008 0-076 + 0-009 0-080 + 0-016 
a 0-8594 + 0-0008 0-8456 + 0-0005 0-8273 + 0-0006 0-8151 + 0-0005 
BIEN dccudhiceossneiies 1-71 + 0-09 0-81 + 0-02 1-44 + 0-02 0-80 + 0-02 
Gly - ersokavarcewess 10-87 + 0-04 11-18 + 0-07 11-59 + 0-07 11-80 + 0-07 


than by using empty buckets into which the expelled mercury was allowed to drop, because part 
of a drop occasionally remained clinging to the tip. The capacity of the dilatometer was 


2 Marshall, Staveley, and Hart, Trans. Faraday Soc., 1956, 52, 19. 
3 Burlew, J. Amer. Chem. Soc., 1940, 62, 690. 
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measured by finding the weight of mercury needed to fill it completely at 0°. The thermal 
expansion of the dilatometer was determined by finding the amount of mercury expelled from 
the mercury-filled dilatometer when heated over a range of ca. 30° and then using Sears’s results 
for the density of mercury.* 

The densities of the alcohols at 0° were measured in a pyknometer of capacity ca. 10 ml. of 
the type described by Kohler and Rott,5 which is particularly suitable for density measurements 
below room temperature. 

The alcohols were dried either by refluxing them over freshly roasted quicklime or over 
aluminium amalgam, and they were then fractionated in a 25-plate or a 40-plate column. A 
middle fraction was collected over less than 0-05° for the first four alcohols and less than 0-4° 
for the second four. The measured densities at 0° are in the Table where they are compared 
with the values selected by Timmermans.* The most serious discrepancy is for octanol. 
However, with our density figures, the increment in molar volume for the step heptanol—octanol 
is 16-32 ml., which is only 0-02 ml. less than the average increment for the three preceding steps, 
whereas Timmermans’s value for octanol gives the considerably smaller value of 
15-75 ml. for the heptanol—octanol increment. This suggests that the density value selected 
by Timmermans may be too low. 


RESULTS 


The compressibility results were evaluated as follows. If on increase of pressure from 
Pp, to p, (p’s being the measured pressures acting on the alcohol im excess of 1 atm.) there was a 
decrease of v in the volume of the alcohol, and if V was the mean of the volumes of the alcohol 
at the initial and final pressures, then the quantity v/[V(p, — ~,)] was evaluated as the com- 
pressibility 8 of the alcohol at a pressure p, where p = (p, + p,)/2. For each alcohol B was a 
linear function of ~, so that B = 8, — bp. The values of 10°86, and 10%), obtained by the 
method of least squares are given in the Table with their probable errors. £, is the true iso- 
thermal compressibility of an alcohol at 0°/1 atm. 

As regards the evaluation of the coefficient of expansion, the most accurate density data 
over a limited range of temperature for a pure liquid can usually be accurately represented by 
a power series in the temperature ¢ up to terms in /*. We have taken such density equations 
for a few selected liquids, and made the following comparison. (1) We have evaluated the true 
coefficient of expanion « at some temperature #(°c) at which the volume of a given mass of the 
liquid is V, where « = (1/V)(@V/ét),. (2) We have evaluated the volumes of the liquid V, and 
V, at temperatures ¢, and ¢, respectively, where ¢; = ¢ — 2 and ¢t, = ¢ + 2, and then calculated 
the mean coefficient of expansion & given by the expression « = (V, — V,)/2(V, + V,). The 
difference between « and the true coefficient of expansion « never exceeded one part in 104. 
Since in our coefficient of expansion determinations the average temperature increment was 
ca. 4°, we have evaluated « as follows. If v was the expansion of the alcohol on heating from 
t, to ¢,, and if V, was the volume of the alcohol at ¢ = (¢, + #,)/2, then « at ¢ was taken to be 
v/Vm(t, — t,). Vm could be estimated with sufficient accuracy from the known volume of the 
alcohol at 0° and a mean @ for the whole range studied. The values of « so obtained were 
always a linear function of ¢. The values of 10%x, and 10%@ in the equation a = a, + at, 
calculated by the method of least squares, are given in the Table with their probable errors. 
&% is the required value of the coefficient of expansion at 0°. 


DISCUSSION. 


The systematic errors in the compressibility and coefficient of expansion values should 
not exceed 0-5°% and 0-2% respectively. Since however one and the same apparatus 
has been used for all measurements of one kind, a comparison of the ratios of «»/8) should 
not be significantly affected by systematic errors. The values of this ratio in atm./deg. 
are given in the Table with their probable (random) errors. 

In Fig. 2 29/8) = (@S/@V),7 is plotted against the number of carbon atoms in the alcohol 
molecule. The trend in (@S/@V)7 as the chain length increases is not simple. The first 


* Sears, Proc. Phys. Soc., 1913, 26, 95. 

5 Kohler and Rott, Monatsh., 1954, 85, 703. 

* Timmermans, ‘“‘ Physico-chemical Constants of Pure Organic Compounds,” Elsevier, Amsterdam, 
1950. 
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four alcohols might be said to show an alternation effect, but instead of the increase from 
butanol to pentanol needed to continue this alternation there is a decrease. Only from 
pentanol onwards does (@S/@V)7 increase continuously. The only other systematic 
measurements of « and 8 on the liquid members of a homologous series seem to be those 
made many years ago by Bartoli? on the normal paraffins from hexane to hexadecane at 
ca. 23°. It is difficult to assess the reliability of his figures. His values of « show 
discrepancies of up to ca. 2% with more modern determinations. However, his values 
being used throughout for consistency, (@S/@V) 7 for the normal paraffins increases at about 
the same rate as for the alcohols from pentanol to octanol. (See Fig. 2, in which is plotted 
the ratio «/8 for hexane to undecane. The trend shown by these hydrocarbons continues 
for the others studied by Bartoli.) 

It might be argued that the thermodynamic properties of the alcohols should be 
compared not at a constant temperature but on a corresponding-states basis. It is 
difficult to decide what this should be for such strongly associated liquids. One possibility, 
following Bauer, Magat, and Surdin,® is to make the comparison at such a temperature T 
for each alcohol that (T — T,,)/(T- — Tm) is a constant, where T,, and T, are respectively 
the melting and critical points. It so happens that at 0° this function of temperature is 


Fic. 2. Plot of the quantity (@S/8V)7 = a/B (atm./deg.) against the number of carbon atoms per molecule 
for (1) normal primary alcohols and (2) normal paraffins. The vertical lines on the points for the 
alcohols represent the estimated probable errors. 
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almost equal for ethanol and propanol. It is just for these two that (@S/@V) 7 differs most. 
Moreover, for methyl, butyl, and higher alcohols the same value of (T — Tm)/(T: — Tm) 
would correspond to temperatures above 0°. Since «/8 decreases as the temperature 
rises, the corresponding values of (@S/8V)7 would rise from ethanol to a maximum at 
propanol and then decrease. It therefore seems unlikely that a comparison on this basis 
would prove helpful. 

In comparing on the basis of the Hildebrand rule the entropies of vaporization of the 
normal paraffins, Staveley and Tupman® noted that the vaporization entropies first 
decreased with increasing chain length, and then increased. They suggested that, for the 
earlier members of the series, increased chain length actually produced greater disorder in 
the liquid owing to the increased number of configurations available to the molecules, but 
that with the longer molecules the greater tendency towards a parallel alignment leads to 
an increase in internal order which is reflected in increasing values for the entropy of 
vaporization. Perhaps opposing factors of this kind operate with the lower primary 
alcohols, but since with the latter an essential part in the intermolecular relations is played 

7 Bartoli, Rend. reale Ist. lombardo sci., 1895, 28, 1141. 


8 Bauer, Magat, and Surdin, Trans. Faraday Soc., 1937, 38, 81. 
® Staveley and Tupman, J., 1950, 3597. 
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by the hydrogen bonding which is lacking with the hydrocarbons there is no reason why 
there should be a close similarity between the trends in the physical properties for the two 
series. The large increase in (@S/0V)7 on passing from ethanol to propanol followed by a 
decrease in this quantity for the next two stages has no parallel in the vaporization 
entropies of the normal paraffins. 


We thank Imperial Chemical Industries Limited for financial assistance and Messrs. 
Dewrance and Co. for the gift of calibrated test gauges and valves. 
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485. The Reaction of Nitrogen Dioxide with Some Methylnitro- 
anilines. 


By B. L. HOLLINGSwoRTH. 


The reaction of N-methyl-o- and -p-nitroaniline and some related com- 
pounds with nitrogen dioxide, in solution and in the solid state, has been 
investigated, and their ultraviolet absorption spectra are recorded. The 
reaction usually gives N-methyl-2 : 4-dinitroaniline as the main product: its 
mechanism is discussed 


Nitric esters are thermally unstable, liberating nitrogen dioxide and, in the later stages 
of reaction, also nitric oxide and nitric acid. At constant temperature, breakdown of the 
ester proceeds at a constant rate, so long as the nitrogen dioxide is removed from the 
system. Phillips+ has shown that, in the gas phase, nitrogen dioxide in small amounts 
inhibits the breakdown of nitric esters, presumably by reversal of the primary step. For 
solid or liquid nitric esters, however, there is evidence that, in the absence of a stabiliser 
which will react preferentially with the nitrogen dioxide formed, thermal decomposition 
becomes autocatalytic. The autocatalysed step is postulated as hydrolysis catalysed by 
acid formed from nitrogen dioxide in the initial stages of decomposition. In the presence 
of a stabiliser which will react preferentially with nitrogen dioxide or acid, or both, the 
rate of decomposition should be constant and a function only of temperature. As in 
practical systems of nitric esters containing stabiliser, the nitric ester is in large excess, 
the rate of disappearance of stabiliser will also be sensibly constant, and the kinetics of the 
overall reaction of pseudo-zero order. The stabilisation proceeds by at least two steps, 
of which the rate-determining one is considered to be the breakdown of the nitric ester, 
according to the scheme: 
RO-NO, —=——= RO: + NO, (Slow) 
NO, + Stabiliser —— > Products (Fast) 


Similar reactions have been studied by Hughes, Ingold, and their co-workers ?* in the 
nitration of aromatic amines and the rearrangement of aromatic nitroamines. 

In order to study the steps involved in the stabilisation, the action of nitric oxide and of 
nitrogen dioxide on N-methyl-o- and --nitroaniline was examined. 


RESULTS 
At temperatures up to 50°, dry nitric oxide did not react with N-methyl-p-nitro- (I), -p-nitro- 
N-nitroso- (II), or -p : N-dinitro-aniline (IV), either in the solid state or in solution. In the 
presence of added water, a solution of N-methyl-p-nitroaniline in dioxan slowly absorbed 
nitric oxide to give N-methyl-p-nitro-N-nitrosoaniline. Moist nitric oxide was without effect 
on either the nitrosamine or the related nitramine. Similar results were obtained with N-methyl- 


1 Phillips, Nature, 1947, 160, 753. 

* Glazer, Hughes, Ingold, James, Jones, and Roberts, J., 1950, 2657. 
3 Hughes and Jones, J., 1950, 2678. 

* Blackall and Hughes, Nature, 1952, 170, 972. 

5 Brownstein, Bunton, and Hughes, Chem. and Ind., 1956, 981. 

* Idem., J., 1958, 4354. 
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o-nitroaniline and its derivatives. Addition of as little as 1% of nitrogen dioxide to the dry 
nitric oxide very markedly increased both the rate and the extent of reaction with solutions of 
N-methyl-p-nitroaniline in nitromethane or dioxan, the main products being N-methyl-p- 
nitro-N-nitrosoaniline (II) and N-methyl-2: 4-dinitroaniline (VI), together with small 
quantities of materials which could not be identified with certainty. These results are in accord 
with those of early workers who used “ nitrous fumes” to nitrate aromatic amines. More 
recently, Glazer et al.2 prepared N-methyl-2 : 4-dinitro- and -2: 4: 6-trinitro-N-nitrosoaniline 
by the action of oxides of nitrogen on solutions of the corresponding amines in acetic acid. 

Reaction of a solution of N-methyl-p-nitroaniline in glacial acetic acid with excess of nitrogen 
dioxide at 0° for 96 hours gave the dinitro-amine (VI) and -nitrosamine (V) in 77 and 11% 
yield respectively, together with a small quantity of p-nitro-nitrosamine (II). Reaction at 
100° for 30 minutes gave the dinitro-amine and -nitrosamine in 89 and 6% yield respectively. 
Reaction of two mol. of nitrogen peroxide at 0° or 100° gave the p-nitro-nitrosamine in over 
90% yield. 

Reaction of N-methyl-p-nitroaniline in dioxan with nitrogen dioxide was studied 
quantitatively at 25°. One mol. of amine rapidly reacted with two mol. of nitrogen dioxide 
to give one of N-methyl-p-nitro-N-nitrosoaniline and one of nitric acid; this is explained by 
consideration of the ionisation of nitrogen dioxide in solution: 


2NO, == N,O, === NO*NO,- 
p-NO,°CgHyNHMe + N,O, —— [p-NO,°C,H,*NHMe*NO}*NO,— 


On further reaction, two mol., and finally nearly three, of dinitrogen tetroxide were absorbed, 
with progressively slower reaction. The main products were N-methyl-2 : 4-dinitroaniline 
and N-methyl-p-nitro-N-nitrosoaniline. Similar results were obtained for reaction of N-methyl- 
o-nitroaniline in dioxan: the main products were the 2 : 4-dinitro-amine and dinitro-nitrosamine, 
and no 2: 6-dinitro-amine was found. The last result was unexpected, as N-methyl-2 : N-di- 
nitroaniline undergoes acid-catalysed rearrangement to give N-methyl-2 : 4- and -2 : 6-dinitro- 
aniline in approximately equal amounts. 

A solution of N-methyl-p-nitro-N-nitrosoaniline in nitromethane with nitrogen dioxide for 24 
hours at 35° gave 20% of N-methyl-2 : 4-dinitroaniline, and 80% of unchanged nitrosamine. 
After 7 days at 35°, the main products were N-methyl-2 : 4-dinitro- and -4: N-dinitroaniline. 
Transitory formation of the 2 : 4-dinitro-nitrosamine (V) was also observed. In 18 hoursat 75°, 
stoicheiometric amounts of nitrogen dioxide quantitatively converted N-methyl-p-nitro-N- 
nitrosoaniline into N-methyl-2: 4-dinitroaniline. With a considerable excess of nitrogen 
dioxide, solutions of -nitro-nitrosamine, p-nitro-nitramine, 2: 4-dinitro-amine, and 2: 4-di- 
nitro-nitrosamine in nitromethane were quantitatively converted into N-methyl-2: 4: 6- 
trinitro-aniline (VII) in 18 hours at 75°. The probable course of reaction was oxidation of 
the nitrosamines to the nitramines, followed by rearrangement to the ring nitro-compound, 
although under preparative conditions Hughes, Ingold, e¢ al.? failed to oxidise the 2 : 4-dinitro- 
nitrosamine to the dinitro-nitramine. Hughes, Ingold, and Pearson ” have recently shown that 
N-methyl-2 : 4-dinitroaniline and N-methyl-2: 4: N-trinitroaniline are converted into the 
2:4: 6-trinitro-nitramine by nitric acid in nitromethane at 25°, by N-nitration followed by 
rearrangement to N-methyl-2: 4: 6-trinitroaniline and subsequent N-nitration. Under 
conditions of considerable excess of nitrogen dioxide in nitromethane at 75°, compounds 
(II), ([V), (V), and (VI) may have undergone similar nitration and rearrangement, after denitros- 
ation of compounds (II) and (V). However, the absence of the 2: 4: 6-trinitro-nitramine in 
our products makes this route less likely than that given above. 

The nitramine rearrangement of N-methyl-o: N- and -p: N-dinitro- and -2:4: N- and 
-2: 6: N-trinitroaniline was found to proceed smoothly in strong aqueous sulphuric acid and in 
acetic acid catalysed by sulphuric acid. This type of rearrangement has previously been 
studied in some detail by Bradfield and Orton,* and by Hughes, Ingold, and their co-workers ** 
who have shown that the rearrangement is intramolecular, although the work of Hughes and 
Jones * and of Clark, Holden, and Malkin * has shown that in the presence of a suitable acceptor 
some intermolecular rearrangement takes place, by acidolysis of the nitramine and subsequent 
ring-nitration. 

7 Hughes, Ingold, and Pearson, J., 1958, 4357. 8 Bradfield and Orton, J., 1929, 917. 

® Clark, Holden, and Malkin, J., 1950, 1556. 
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The rearrangement of N-methyl-p: N-dinitro- to N-methyl-2 : 4-dinitro-aniline failed in 
normal aqueous perchloric acid, although Robinson ?° claimed that in perchloric acid nitration 
was faster than in sulphuric acid. In 0-2N-sulphuric acid in nitromethane, the rearrangement 
was quantitative and very fast. Similar results were obtained for the rearrangement of N- 
methyl-2:4:N-, and -2:6:N-trinitroaniline to N-methyl-2: 4: 6-trinitroaniline, indicating 
that the rearrangement is dependent on the acidity function of the medium, and not on the 
stoicheiometric acidity. Hughes, Ingold, and Pearson’ noted this increase in rate in the 
presence of sulphuric acid, and also that addition of sodium perchlorate to the reaction mixture 
increased the rate, but not to the same extent as did sulphuric acid. 

After N-methyl-p-nitroaniline had been heated with nitrocellulose at 80° for periods up to 
30 days, the products were mainly N-methyl-2: 4-dinitroaniline and N-methyl-p-nitro-N- 
nitrosoaniline. Traces of a third compound of unknown spectrum were also formed. This is 
tentatively considered to be N-methyl-4-nitro-2-nitrosoaniline (III), by analogy with the 
rearrangement of N-nitrosodiphenylamine to C-nitrosodiphenylamine found by Pauling}? 
under similar conditions. Only very small quantities were formed, and confirmation proved 
impossible. Fischer and Hepp ?” described the rearrangement of N-methyl-N-nitrosoaniline to 
N-methyl-p-nitrosoaniline. Attempts to rearrange N-methyl-p-nitro-N-nitrosoaniline to the 
2-nitroso-compound (III) under similar conditions failed. This result was not unexpected, 
as nitrosation is not a vigorous electrophilic process, and the presence of the nitro-group in the 
ring would cause it to be heavily deactivated to electrophilic attack. Similarly, attempts to 
rearrange N-methyl-2: 4-dinitro-N-nitrosoaniline failed.2 The failure of N-methyl-2: 4-di- 
nitroaniline to form a nitrosamine under the conditions which gave the 2: 4: 6-trinitro-nitros- 
amine is in line with the observation that N-methyl-2 : 4-dinitroaniline is more slowly nitrated 
than N-methyl-2: 4: 6-trinitroaniline.” 

All the nitrosamines described in this work were photosensitive in solution. N-Methyl- 
2: 4- and -2: 6-dinitro-N-nitrosoaniline were particularly photosensitive in solution, and to a 
smaller extent in the solid state. 


DISCUSSION 
The initial reaction of nitrogen dioxide with N-methyl-f-nitroaniline (I) gave the 
nitrosamine (II) quantitatively, one mole of nitric acid being produced for each mole of 


dinitrogen tetroxide which reacted. The following scheme outlines the possible sequences 
of reaction: 


Me-NH 
NO 
7 fo, MN, 
Me:NH Me-N-NO Me-N:NO, Me-NH Me-NH 
a i 8 Ts al & a 
cae 
NO, 
(I) (II) pny ity (VII) 
a Me-N-NO y 
NO, ? 
NO, (V) 


Step (a), the formation of compound (II), appears to be unequivocal. At 75°, compound 
(II) was quantitatively converted into compound (VI) by nitrogen dioxide in nitro- 
methane. Thus compound (VI) may be formed by route (c) and (f) or route (d) and (g). 
Compound (VI) could also be formed by route (b) and (e), although preparatively reaction 
(b) could not be carried out. The observation of a compound of unknown spectrum, 


10 Robinson, J., 1941, 238. 
1 Pauling, O.S.R.D. Report No. 4431. 
12 Fischer and Hepp, Ber., 1886, 19, 370. 
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tentatively identified as compound (IIT), leaves the possibility of route (b) and (e) open. 
The nitramine rearrangement, route (f), failed in aqueous perchloric acid, although it was 
very fast in the presence of a small quantity of sulphuric acid in nitromethane. Denitros- 
ation (g) was rapid in the presence of light, but its reverse (h) could only be carried out 
under forcing conditions, the use of nitrososulphuric acid. In reactions (f) and (h) the most 
important consideration is the acidity function of the medium, and the available evidence 
indicates that it is high in a solution of nitrogen peroxide in nitromethane. 

With an excess of nitrogen dioxide, in nitromethane solution at 75°, compounds 
(II), (IV), (V), and (VI) were all quantitatively converted into the final product (VII). 
The appearance of compound (IV) in the reaction of nitrogen peroxide with compound (II) 
at 35° indicates that the overall reaction consists of formation of the nitrosamines followed 
by oxidation to the nitramines and rearrangement to the ring nitro-compounds. Under 
conditions where nitrogen dioxide is not in excess, the reaction probably proceeds by 
ring-nitration (d) by the nitric acid produced during the reaction, with prior or subsequent 
denitrosation. 

The hypothesis of ring-nitration is supported by the observations on the absorption 
of nitrogen dioxide by solutions of N-methyl-o-nitroaniline. In this case, no N-methyl- 
2 : 6-dinitroaniline or its derivatives were found among the products. At 25°, the probable 
course of the reaction was formation of N-methyl-o-nitro-N-nitrosoaniline, and subsequent 
direct ring-nitration to N-methyl-2 : 4-dinitro-N-nitrosoaniline (V), which was unstable 
in light and readily decomposed to give N-methyl-2 : 4-dinitroaniline (VI). Sterically, 
the o-nitro-nitrosamine is unlikely to undergo nitration in the 6-position, although the 
intramolecular rearrangement of N-methyl-o : N-dinitroaniline has been shown to yield 
approximately 50% of N-methyl-2 : 6-dinitroaniline, and intramolecular rearrangement 
of o : N-dinitroaniline gave almost entirely 2 : 6-dinitroaniline.™ 

By analogy, the absence of any compound of N-methyl-2 : 6-dinitroaniline constitutes 
strong evidence for rejecting route (c) and (f), and leaves route (d) and (g) as being the 
only reasonably practicable route to compounds (VI) and (VII) from compound (I). 


EXPERIMENTAL 

Reference Compounds.—The following compounds were prepared by standard methods. 
M. p.s are corrected; those in parentheses are as recorded elsewhere. 

N-Methyl-o-nitroaniline, tangerine-coloured needles (from pentane-ether), m. p. 37° (37° 14) 
(yield 89%). 

N-Methyl-p-nitroaniline, light yellow prismatic needles (from alcohol or benzene), m. p. 
152—153° (152° 14) (yield 93%). “ 

N-Methyl-2 : 4-dinitroaniline, canary-yellow needles (from acetone or acetic acid), m. p. 
179—180° (178° 15) (98%). 

N-Methyl-o-nitro-N-nitrosoaniline, yellow needles [from methanol-light petroleum (b. p. 
40—60°)], m. p. 36° (36° 1*) (87%). 

N-Methyl-p-nitro-N-nitrosoaniline, creamy yellow needles (from ethanol), m. p. 102—103° 
(100° 17) (95%). This and the ortho-analogue slowly decomposed to the parent amines in 
boiling ethanol. 

N-Methy]-2 : 4-dinitro-N-nitrosoaniline could not be prepared by the method of Stoermer 
and Hoffman.'* It was prepared by treatment of a solution of N-methyl-2 : 4-dinitroaniline 
in 98% sulphuric acid with a solution of nitrososulphuric acid in the same solvent. It formed 
light yellow plates (from ethanol), m. p. 85—86° (85° ®) (60%). In boiling alcohol it rapidly 
decomposed to the parent amine. 

N-Methyl-o : N-dinitroaniline, pale yellow prisms (from methanol-light petroleum), m. p. 
67—68-5° (67° 18) (76%). 

18 Bamberger and Voss, Ber., 1897, 30, 1256. 

14 Blanksma, Rec. Trav. chim., 1902, 21, 272. 

15 Leymann, Ber., 1882, 15, 1235. 
® Hempel, J. prakt. Chem., 1884, 41, 168. 


17 Meldola and Salmon, J., 1888, 58, 776. 
18 Stoermer and Hoffman, Ber., 1898, 31, 2530. 


~ 
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N-Methyl-p : N-dinitroaniline, creamy-coloured needles (from benzene-light petroleum), 
m. p. 140—142° (140° 1%) (65%). ; 

N-Methyl-2 : 4: N-trinitroaniline, very light yellow cubes (from alcohol—benzene), m. p. 
114-5—116° (115° *) (90%). 

N-Methy1-2 : 4 : 6-trinitroaniline, yellow needles (from alcohol), m. p. 114—115° (113—114° °) 
(95%). 

N-Methyl-2 : 4 : 6-trinitro-N-nitrosoaniline, light yellow prisms (from alcohol), m. p. 106— 
107° (106-5° 2) (85%). 

N-Methyl-2 : 4: 6: N-tetranitroaniline, colourless prisms (from alcohol), m. p. 130—131° 
(131—132° 22) (85%). 

Rearrangement of N-methyl-o : N-dinitroaniline in concentrated sulphuric acid at 0° gave 
a mixture of N-methyl-2:4- and -2:6-dinitroaniline. N-Methyl-2: 6-dinitroaniline was 
soluble in boiling light petroleum (b. p. 40—60°); it formed light orange-yellow needles [from 
alcohol—light petroleum (b. p. 60—80°)], m. p. 106—107° (106° 1%) (33%). The residue of 
N-methyl-2 : 4-dinitroaniline (36%) formed orange-red needles, m. p. 179—180°, from glacial 
acetic acid, identical in m. p. (mixed m. p.) and ultraviolet absorption with the yellow form 
previously described. 

Under similar conditions, N-methyl-p : N-dinitroaniline smoothly rearranged to N-methyl- 
2 : 4-dinitroaniline. 

N-Methy]l-2 : 6-dinitro-N-nitrosoaniline formed very pale yellow needles (70% yield) [from 
alcohol or alcohol-light petroleum (b. p. 80—100°)], m. p. 115—116° (115—116° **)._ It did not 
decompose in boiling alcohol in the dark, but was very prone to photolytic decomposition in 
solution and to a smaller extent in the solid state. It partly reverted to N-methy]l-2 : 6-dinitro- 
aniline and partly underwent oxidation. 

N-Methyl-2 : 6: N-trinitroaniline, white needles (from alcohol or aqueous alcohol), m. p. 
111—112°, was prepared (85%) by treatment of N-methyl-2: 6-dinitroaniline nitrate with 
acetic anhydride at 0°. The mixed m. p. with the 2:4: N-analogue (m. p. 114-5—116°) was 
83—85°. The structure was confirmed by removal of the N-nitro-group in hot phenol, which 
yielded N-methyl-2 : 6-dinitroaniline (cf. refs. 9 and 23). 

N-Methyl-2:4:N- and -2:6: N-trinitroaniline rearranged smoothly in concentrated 
sulphuric acid to N-methyl-2 : 4 : 6-trinitroaniline. ' 

Experimental Techniques.—Nitrogen dioxide, purified by repeated distillation of a 
commercial sample in a stream of oxygen, was a pure white solid, m. p. —9-5°. Nitric oxide 
was prepared by decomposition of the ferrous sulphate—nitric oxide complex. All solvents 
were dried and redistilled. 

Solutions of nitrogen dioxide were made up in the solvents, and analysed for nitrogen 
dioxide content and acidity by standard methods, with an accuracy for synthetic mixtures of 
nitric acid and nitrogen dioxide in solvent of +<1%. The presence of nitrosamines and 
nitramines did not interfere if the solutions were cold and titrated within 30 min. In alkaline 
solution, however, hydrolysis occurred on warming or on long standing, giving a high figure for 
the total acidity. Quantitative measurements were not made of total acidity in solutions of 
nitrogen dioxide in acetic acid or nitromethane. 

The reaction of nitrogen dioxide with the methylnitroanilines was studied by heating 
solutions in sealed Pyrex tubes and followed in quantitative runs by measuring the fall in 
nitrogen dioxide and increase in nitric acid content. In qualitative runs, the amount of 
nitrogen dioxide consumed was measured at the end of the reaction period only. After 
reaction, the solution was neutralised with calcium carbonate and evaporated to dryness in 
darkness in vacuo at 40—50°, and the products were separated chromatographically, usually 
in 1: 1 benzene—light petroleum, on a silicic acid—Celite 535 column wrapped in black paper to 
prevent photolytic decomposition. The decreasing order of absorption was N-methyl-2: 4- 
dinitroaniline, its nitrosamine, the -nitro-nitrosamine, the p-nitro-nitramine, the p-nitro- 
amine, the trinitro-amine. Identities were established by ultraviolet spectra in 95% ethanol. 

The reaction of nitric oxide was followed manometrically, a solution of the compound under 


18 Bamberger and Dietrich, Ber., 1897, 30, 1254. 

20 Bamberger and Miller, Ber., 1900, 38, 103. 

21 Franchimont, Rev. Trav. chim., 1910, 29, 302. 

22 Meldola and Hollely, J., 1915, 107, 619. 

*3 Mertens, Ber., 1886, 19, 2123; van Romburg, Rec. Trav. chim., 1886, 5, 140. 
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nitric oxide being stirred in a calibrated vessel in a thermostat. The products were separated 
chromatographically and identified as before. 

The nitrocellulose containing N-methyl-p-nitroaniline was prepared by swelling nitrocellulose 
in alcohol-ether, and adding to it a solution of the amine in alcohol. The solvent was removed 
at 45°. The dry solid was shredded and aged in sealed containers at 80°. The products were 
extracted from the nitrocellulose with methylene chloride. The solution was neutralised and 
evaporated, and the products were separated, and identified as before. 

Ultraviolet Spectra.—Ultraviolet absorption spectra were measured on a Unicam S.P. 500 
ultraviolet spectrophotometer, for 0-001% solutions in 95% ethanol. The spectra of the 
nitrosamines were also determined for hexane solutions but did not differ from those of freshly 
prepared solutions in ethanol. The main characteristics are given in the annexed Table. 


Ar-NMeX Amax. Amin. Drmas./ Ar-NMeX Amax. Amin. Dmas./ 
NO,inAr X (mz) (mz) Dan.* C/Dt 10% NO,inAr X (mp) (mp) Dyi.* C/Dt 10%e 


o- H 231 265 0-71 21-4 2:4- H 260 245 117 2-34 16-18 
280 317— 1:35 3:26 4-65 346 §=6©290 10-9 1-23 
319 2:4- NO 215 1-45 14-5 
o- NO 240 228 1:02 1-54 11-76 2:4- NO, 215 222 1-03 1-55 15-95 
o- NO, 245 234 1-14 1-89 10-4 2: 6- H 234 305 1-11 17-8 
P- H 230 280 24:75 2-06 18-3 2 : 6- NO 239 157 14-43 
386 0-83 2: 6- NO, 228 220 1-02 1-38 17-55 
p- NO 220 250 7:77 #169 15:0 2:4:6- H 335 282 6-92 1-61 15-0 
312 1-21 2:4:6- NO 215 1:20 22-4 
p- NO, 213 242 161 1-79 83 2:4:6- NO, 220 1-21 23-8 
289 2°37 


* The ratio of the optical density of the maximum to the optical density of the next minimum of 
shorter wavelength. ; 


+ The ratio of the concentration of the solution (mg./100 ml.) to the optical density of the maximum 
(10 mm. cell). 


The author is indebted to Dr. T. M. Walters and other colleagues at Waltham Abbey for 
helpful discussions, to Dr. C. A. Vernon (University College, London) for helpful discussions and 
assistance in carrying out part of the experimental work, and to Professor E. D. Hughes for 
suggestions on the form of presentation. 


MINISTRY OF SUPPLY, EXPLOSIVES RESEARCH AND DEVELOPMENT ESTABLISHMENT, 
WALTHAM ABBEY, ESSEX. [Received, February 9th, 1959.] 





486. Condensation Products of Maleic Anhydride with Phenols. 
By K. P. Barr, F. M. Dean, and H. D. LOCKSLEY. 


The condensation of maleic anhydride with phenols or the related cyclis- 
ation of 8-2-hydroxybenzoylacrylates gives derivatives of chromanone, where- 
as 3: 5-xylenol gives a coumaranone, a variation thought to have a steric 
origin. A revised structure is suggested for the dimer obtained when methyl 
8-2-hydroxy-3 : 5-dimethylbenzoylacrylate is treated with bases. 


Apart from the hydrogenation }? of chromone-2-carboxylates, the published syntheses }-4 
of chromanone-2-carboxylates are ambiguous; the possibility that the isomeric coumar- 
anonylacetates might be formed seems not to have been discussed. , Of the five reactions 
considered here, four did give chromanones but, in contrast to an earlier report,’ one gave 
a coumaranone. 
Condensation of maleic anhydride with 3:5-xylenol in Friedel-Crafts conditions 
furnished Baddeley, Makar, and Ivinson * with two isomeric acids, one yellow and one 
1 Jarowski, Moran, and Cramer, J. Amer. Chem. Soc., 1949, 71, 944. 
- a Schroeder, Moran, Nield, Edwards, Jarowski, and Puetzer, J. Amer. Pharm. Assoc., 1948, 


3 Baddeley, Makar, and Ivinson, J., 1953, 3969. 
* Cocker, Hayes, and Williamson, J., 1955, 824. 
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colourless, to which structures (I) and (II) were allocated. Aluminium chloride at 130° 
transformed the yellow into the colourless isomer, which was also produced by the action 
of sulphuric acid on the phenoxysuccinic acid (III). Clearly, these reactions do not define 
the size of the heterocyclic ring in (II). 


fe) Oo 
Me OH | CO,H TY “CH:CO,H ) ° miei 
CO-CH:CH:CO,H CH,-CO,H siete 

M fe) 


e 
(I) °o «an (IIT) (IV) 
QO. come HO Me HO Me ON CoH 
pan “CPomnine "Fontan SLT 
— / CH, CO,Et CO-CH: CH-CO,H CO-CH,CH-CO.Me 
ie) Me Me 
(V) (VI) (VII) 





(VIII) 


Repetition of the work of Baddeley et al. furnished us with the same two acids, of which 
the colourless one was identical with the product (IV) from acid hydrolysis® of the 
authentic coumaranone (V). Because hydrolysis might have involved a §-elimination 
leading to the acrylic acid (I) which could then form a chromanone, this sequence does not 
establish structure (IV) unequivocally: for similar reasons (cf. refs. 1 and 2) no attempts 
were made to define by chemical methods the ring-size of any compounds of types (II) 
and (IV). As it seemed that spectroscopic differences »* between the two types in the 
ultraviolet and the carbonyl-stretching region would be small, potentiometric titration 7 
appeared to provide the most reliable criterion. In this, the colourless isomer behaved 
as a propionic acid rather than as an «-phenoxy-acid so that structure (IV) is the correct 
one. This conclusion is supported by the ease with which the methyl ester is oxidised 
by air (a reaction ° typical of coumaranones with one hydrogen atom in the 2-position), and 
by the negative Zimmermann reaction. The decarboxylation product described by 
Baddeley et al. is therefore probably 2:4: 6-trimethylcoumaranone and not 5: 7-di- 
methylchromanone. 

Attempts to cyclise the yellow isomer to the coumaranone (IV) under conditions milder 
than those used by the previous investigators failed. With acidified methanol this acid 
formed an ester containing an additional methoxyl group and having an ultraviolet 
spectrum characteristic of a p-hydroxyacetophenone. Further, this ester absorbed 
selectively, not only at 1730 cm. (ester), but also at 3390 (OH) and 1695 cm. (aceto- 
phenone C:O), thus contrasting with authentic o-hydroxyacetophenones.® Finally, 
neither the yellow acid nor the methoxy-ester responded to the ferric test, so this acid is 
not (I) but (VI), and the methoxy-ester is (VII). -‘Cyclisation of the yellow acid (VI) to 
the coumaranone (IV) must therefore be preceded by a migration usual in Friedel-Crafts 
conditions. 

Unlike 3: 5-xylenol, #-naphthol gave but one product. This had a negative ferric 
reaction, gave with diazomethane a non-phenolic eSter responding to the Zimmermann 
test for active methylene,* and behaved in potentiometric titration as an «-phenoxy- 
acid. It is therefore considered to have structure (VIII). 

With maleic anhydride and aluminium chloride, 2: 4-xylenol gave the $-aroylacrylic 
acid (IX; R =H) which is stable to acids and bases. The cyclisation of the derived 


* Authentic 2-methylchromanones give this test, but flavanones do not, presumably because of the 
ease with which the heterocyclic ring opens in the latter. 

5 Dean and Manunapichu, J., 1957, 3112. 

* Jarowski and Hess, J. Amer. Chem. Soc., 1949, 71, 1711. 

7 Brown, McDaniel, and Hafliger in ‘‘ Determination of Organic Structures by Physical Methods,” 
ed. Braude and Nachod, Academic Press, New York, p. 567. 

* Bellamy, “ The Infra-Red Spectra of Complex Molecules,” Methuen, London, 1958. 
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methyl ester has been studied by Cocker, Hayes, and Williamson,‘ who found that triethyl- 
amine in alcohol containing ethyl malonate furnished a monomer formulated as the 
chromanone (X; R = Me): omission of the malonate led to a dimer formulated as the 
diacylethylene (XI). In our experiments mixtures of the monomer and the dimer resulted 
whatever the conditions of cyclisation, but fractional crystallisation supplied products 
identical with specimens kindly provided by Dr. W. R. N. Williamson. When hydrolysed 
by hydrobromic acid, the monomer gave a product (X; R = H) corresponding to that 
obtained by Cocker e¢ al. by treatment of 2: 4-xylyl hydrogen maleate with aluminium 


Me Me Oo Me 
OH CO,R OH 
Me CO-CH:CH-CO,R Me Me note ia 
: M 
ax) (x) © x) CH,-CO,Me |2 
Me Me Me Me 
re) (e) 
co,R HO CO,Me HO 
Me CH-CH,CO Me Me - CO-CH:CH-CO,H 
O CO,Me O Me 
(XII) (X11) (XIV) 
ti e 
OH R’O CO,R HO OH 
Me CO-CH: CH-CO,H CO-CH: CH-CO,R 
Vv xvil 
ih (xv ? — 


chloride and having an acidity which indicated the presence of a chromanone-2-carboxylic 
acid grouping: as the monomer was regenerated by alkylation with diazomethane and 
responded to the Zimmermarn reagent, structure (X) holds good. For the dimer, however, 
structure (XII; R= Me) is preferable to structure (XI) because (i) the ultraviolet 
spectrum ‘ corresponds to that of the chromanone (X) together with the corresponding 
o-hydroxyacetophenone rather than to that expected from a compound with more extended 
conjugation [the dimer is faintly yellow and not orange like (IX)], (ii) acetylation and 
methoxyacetylation gave, not diacyl derivatives, but monoacyl derivatives transparent 
near 3 u, and (iii) partial hydrolysis gave an acid (XII; R =H) which regenerated the 
dimer with diazomethane and behaved as a chromanone-2-carboxylic acid in potentio- 
metric titration. The carbanion (XIII) would be the initial product of base-catalysed 
cyclisation and in competitive protonation and Michael addition with unchanged §-aroyl- 
acrylate (IX; R= Me) would give the chromanone (X) and the dimer (XII). The 
expectation that with ethanolamine as the catalyst the proportion of monomer would 
increase (the catalyst itself being able to supply the proton required at the 3-position) was 
not realised although this catalyst was by far the most effective studied. Similar Michael 
additions have been observed by Padfield and Tomlinson.® 

From 2 : 5-xylenol only the acid (XIV) was obtained, so that cyclisations in this series 
could not be studied: the methyl ester of the acid (XV) from #-cresol gave with triethyl- 
amine a dimer closely similar to that from (IX) but no monomer. 

Resorcinol gave both the chromanone-2-carboxylic acid (XVI; R = R’ = H) and the 
acrylic acid (XVII; R=H). The former had the ultraviolet absorption of resaceto- 
phenone and in potentiometric titration showed inflections appropriate to the carboxyl 
group and the #-hydroxyacetophenone system. Diazomethane supplied first the phenolic 
ester (XVI; R = Me, R’ = H) and then the neutral methoxy-ester (XVI; R = R’ = Me) 
which gave a positive Zimmermann reaction. The methyl ester (XVII; R = Me), when 


® Padfield and Tomlinson, J., 1950, 2272. 
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treated with potassium carbonate and later with methyl iodide, furnished a complex 
mixture containing but little of the chromanone (XVI; R = R’ = Me). 

These results indicate that the single example of coumaranone formation is not to be 
explained electronically. For example, even in the resorcinol series in which the carbonyl 
group is deactivated by two hydroxyl groups (or anions in basic media), a chromanone and 
not a coumaranone is formed. Well known in 2-methylacetophenones and related 
systems,"+!2 steric interference between the carbonyl and methyl groups would be ac- 
centuated in complexes and could account for the formation of the coumaranone (IV) in 
which these groups are drawn apart and would therefore interfere less. The methine 
group at the 5-position of (VIII) is apparently too small to exert this effect. 

It is concluded that cyclisations of the kind considered here give chromanones unless 
these would carry bulky substituents in the 5-position, in which case coumaranones may 
be formed. 


EXPERIMENTAL 


Ultraviolet spectra were determined for ~10™m-alcoholic solutions by means of a Unicam 
S.P. 300 spectrophotometer. Infrared spectra refer to Nujol mulls and were determined by 
means of a Perkin-Elmer infrared spectrophotometer Model 21. Potentiometric titrations 
against 0-005Nn-sodium hydroxide were effected in 50% alcohol: the results were corrected to 
pX,(H,O) by means of the corresponding values for benzoic acid. 

4 : 6-Dimethyl-2-coumaranonylacetic acid (IV) and §-4-Hydroxy-2 : 6-dimethylbenzoylacrylic 
Acid (V1).—Maleic anhydride and 3: 5-xylenol in ethylene chloride were treated with alumin- 
ium chloride, and the acidic products were separated as described by Baddeley e¢ al.2 The 
same products were obtained with tetrachloroethane as solvent, but in carbon disulphide only 
the colourless acid was formed. The colourless acid, 4: 6-dimethyl-2-coumaronylacetic acid, 
separated from dilute alcohol in needles, m. p. 143—144°, undepressed on admixture with a 
specimen prepared ® from the coumaranone (V) (Found: C, 65-5; H, 5-4. Calc. for C,,H,.0,: 
C, 65-4; H,5-5%). This acid had pK, 4°75 and Aggy 263 and 328 my (log « 4-08, 3-77). The 
methyl ester (prepared by use of diazomethane) crystallised in needles, m. p. 60—61°, Amax, 265 
and 328 my (log ¢ 4-12, 3-68), but resinified in air (Found: C, 66-7; H, 5-9. C,,H,,O, requires 
C, 66-6; H, 6-0%). For the ester obtained from their acid and methanolic hydrogen chloride, 
Baddeley e# al. give m. p. 67—-68°. 

The yellow acid, B-4-hydroxy-2 : 6-dimethylbenzoylacrylic acid (V1), crystallised from dilute 
acetic acid in prisms, m. p. 186° (Baddeley et al.* give m. p. 186—187° for their product), devoid 
of a ferric reaction (Found: C, 65-2; H, 5-4. (C,,H,.O, requires C, 65-4; H, 55%). The 
orange solution of this acid (1-0 g.) in boiling methanol (50 ml.) containing sulphuric acid 
(0-5 ml.) faded in 1 hr. and on dilution followed by crystallisation of the product from aqueous 
methanol gave methyl B-4-hydroxy-2 : 6-dimethylbenzoyl-a-methoxypropionate (VII) in prisms, 
m. p. 115°, Amax, 274 my (log e 4:55), soluble in 2N-sodium hydroxide but not in 2Nn-sodium 
carbonate [Found: C, 62-9; H, 6-9; OMe, 22-7. C,,H,,0,(OMe), requires C, 63-1; H, 6-8; 
OMe, 23-3%]. 

5 : 6-Benzochromanone-2-carboxylic Acid (VIII).—During } br., 8-naphthol (36 g.) in nitro- 
benzene (150 ml.) was added to aluminium chloride (66 g.) and maleic anhydride (24 g.) in 
stirred nitrobenzene (150 ml.). After 36 hr., the complex was decomposed by ice and con- 
centrated hydrochloric acid, and the solvent was removed by steam-distillation. The residual 
red oil crystallised from benzene, giving 5: 6-benzochromanone-2-carboxylic acid in needles 
(21 g.), m. p. 169°, pK, 3-95, devoid of a ferric reaction (Found: C, 69-4; H, 4-0%; equiv., 230. 
C,,;H,O,°CO,H requires C, 69-4; H, 4-1%; equiv., 242). The methyl ester (prepared by means 
of diazomethane) separated from light petroleum (b. p. 40—60°) in plates, m. p. 102—103°, 
giving a red Zimmermann reaction (Found: C, 69-9; H, 5-0. (C,;H,,O, requires C, 70-2; H, 
4-7%). 


10 Kirchner, Baily, and Cavallito, J. Amer. Chem. Soc., 1949, 71, 1210. 
11 Waight and Erskine in “‘ Steric Effects in Conjugated Systems,” ed. Gray, Butterworths, 1958. 


12 Conover, ‘“‘ Symposium on Antibiotics and Mould Metabolites,”’ p. 48, Chemical Society Special 
Publication No. 5 (1956). 
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Methyl 6 : 8-Dimethylchromanone-2-carboxylate (X; R = Me) and Methyl 8-(2-Hydroxy-3 : 5- 
dimethylbenzoyl)-«-(2-methoxycarbonyl-6 : 8-dimethylchromanon-3-yl) propionate (XII; R =Me).— 
When the red colour of a solution of methyl 8-2-hydroxy-3 : 5-dimethylbenzoylacrylate (0-5 g.) 
in methanol (100 ml.) containing triethylamine (0-1 ml.) had faded, dilution with 2n- 
hydrochloric acid (300 ml.) gave a gum. Crystallised from methanol, this product supplied the 
estey (XII; R= Me) in prisms (0-3 g.), m. p. 144°, vmx 1748 (ester), 1715 (chromanone- 
carbonyl), and 1642 cm. (chelated acetophenone-carbonyl) [Found: C, 66-4; H, 5-8; OMe, 
130%; M (Rast), 421. C,,H,.O,(OMe), requires C, 66-7; H, 6-0; OMe, 13-2%; M, 468). 
The acetate (obtained by use of acetic anhydride and perchloric acid) crystallised from methanol 
in prisms, m. p. 120°, with a negative ferric reaction [Found: C, 65-6; H, 5-9; OMe, 12-2, 12-0. 
C,,H.4O,(OMe), requires C, 65-9; H, 5-9; OMe, 12-1%]. The methoxyacetate (prepared by use 
of methoxyacetyl chloride in pyridine initially at —50° to avoid charring) separated from 
methanol in needles, m. p. 123° [Found: C, 64-2, 64-5; H, 6-1, 6-1; OMe, 16-7. C,.H,,0,(OMe), 
requires C, 64-4; H, 6-0; OMe, 17-2%]. 

From the mother-liquors of the “ dimeric’ ester (XII; R = Me), methyl 6: 8-dimethy]l- 
chromanone-2-carboxylate (X; R = Me) separated in hexagonal rods (0-15 g.), m. p. 100°, 
Vmax. 1736 (ester) and 1712 cm."! (chromanone-carbony]), giving a purple Zimmermann reaction 
(Found: C, 66-5; H, 5-7. Calc. for C,,H,,0,: C, 66-7; H, 60%). This and the foregoing 
compound were identified by mixed melting point and spectroscopic methods with specimens 
provided by Dr. W. R. N. Williamson. 

A cursory examination of other conditions for this cyclisation showed that (i) the acrylate 
(IX; R = Me) gave a red solution in triethylamine but was recovered after some hours by 
rapid neutralisation of the base, (ii) pyridine did not induce cyclisation, (iii) potassium 
carbonate, triethylamine, hydrazine, and ethanolamine were effective catalysts in methanol or 
water, (iv) in dioxan or tetrahydrofuran the effectiveness of triethylamine was low unless 
water or methanol was added, (v) ethanolamine was a very active catalyst in all solvents 
examined, and (vi) addition of ethyl malonate and other variations in the conditions (e.g., 
temperature, dilution) had little or no effect on the relative yields of the products. 

The ester (XII; R = Me) was unchanged when kept in methanol with triethylamine; but 
when methyl 6 : 8-dimethylchromanone-2-carboxylate (95 mg.) in methanol (100 ml.) contain- 
ing triethylamine (0-1 ml.) was kept overnight, the solution diluted with 2n-sulphuric acid 
(200 ml.), and the product crystallised from methanol, the ester (XII; R = Me) (35 mg.), m. p. 
and mixed m. p. 141°, resulted. 

6 : 8-Dimethylchromanone-2-carboxylic Acid (X; R = H).—The ester (X; R = Me) (150 mg.) 
was heated on the steam-bath for 15 min. with acetic acid (2 ml.) and hydrobromic acid (d 1-5; 
1 ml.). Water (50 ml.) and ether (50 ml.) were added: the organic layer was washed with water 
and extracted with aqueous sodium hydrogen carbonate. Liberated from the extract by 
concentrated hydrochloric acid and purified from dilute methanol, 6 : 8-dimethylchromanone-2- 
carboxylic acid formed needles (36 mg.), m. p. 166—170° (decomp.) (Cocker e¢ al.‘ give m. p. 
170°), pK, 3-80 (Found: C, 65-2; H, 5-6%; equiv., 228. Calc. for C,,H,,0,°CO,H: C, 65-4; H, 
55%; equiv., 220). With diazomethane this acid regenerated the methyl ester, m. p. and mixed 
m. p. 99°. 

a-(2-Carboxy-6 : 8-dimethylchromanon -3-l) -B -(2-hydroxy -3 : 5-dimethylbenzoyl) propionate 
(XII; R = H).—The “ dimer” (XII; R = Me) (1 g.) was demethylated as in the previous 
experiment. Repeated crystallisation of the product from methanol gave the 2-carboxy- 
chromanone in thick triangular prisms (93 mg.), m. p. 196°, Amax, 219, 262, and 351 mu (log ¢ 4-73, 
4:42, 4-01), pK, 3-73 [Found: C, 66-1, 65-9; H, 5-7, 5-7; OMe, 64%; equiv., 427. 
C,3;H,20;(OMe)-CO,H requires C, 66-1; H, 5°8; OMe, 6:8%; equiv., 454]. With diazo- 
methane, this acid gave the ester (XII; R = Me), m. p. and mixed m. p. 144°. 

B-4-Hydroxy-2 : 5-dimethylbenzoylacrylic Acid (XIV).—2: 5-Xylenol (i2-2 g.) in tetrachloro- 
ethane (75 ml.) was added to a slurry of aluminium chloride (26-8 g.) in the same solvent 
(100 ml.) cooled in ice. Maleic anhydride (9-8 g.), also in tetrachloroethane (100 ml.), was 
added during 1 hr. After 3 days, the mixture was treated with ice and 10N-hydrochloric acid 
(25 ml.), giving a yellow product which was dissolved in a boiling solution of Rochelle salt 
(200 g.) in water (500 ml.). The filtered solution at 0° deposited crystals from which acidific- 
ation liberated the benzoylacrylic acid. From ethyl acetate this afforded yellow needles (8-7 g.), 
m. p. 203—205° (decomp.) (Found: C, 65-1; H, 5-6. C,,H,,O, requires C, 65-4; H, 55%). 
With methanol and sulphuric acid, this compound gave the methyl ester, separating from alcohol 
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in yellow needles, m. p. 152—154°, devoid of a ferric reaction, unaffected by triethylamine in 
alcohol, and having vinax, 3290 (phenolic OH), 1727 (ester), and 1647 cm. (conjugated C:O) 
(Found: C, 66-6; H, 6-0; OMe, 13-2. C,,H,,O,-OMe requires C, 66-7; H, 6-0; OMe, 13-3%). 

Methyl B-(2-Hydroxy - 5-methylbenzoyl) - « - (2 - methoxycarbonyl - 6 - methylchromanon - 3 - yl) - 
propionate.—Tripropylamine (0-2 ml.) was added to methyl §-2-hydroxy-5-methylbenzoyl- 
acrylate ? (1-05 g.) in alcohol (20 ml.) at 50°. After } hr. the solution was cooled in ice. The 
product crystallised in rhombs (0-63 g.), m. p. 128—130°, having a violet-blue ferric reaction 
(Found: C, 65:2; H, 5-5. C,gH,,O, requires C, 65-4; H, 55%). The acetate (prepared by 
means of acetic anhydride—sulphuric acid) separated from alcohol in rhombs, m. p. 155—157°, 
with a negative ferric reaction (Found: C, 64-4; H, 5-7. C,gH,,O, requires C, 64:7; H, 5-4%). 
The cyclisation gave the same results when conducted at —20° or in the presence of ethyl 
malonate. 

7-Hydroxychromanone-2-carboxylic Acid (XVI; R= R’ = H).—Powdered aluminium 
chloride (120 g.) was slowly added to resorcinol (40 g.) and maleic anhydride (40 g.) in stirred 
ethylene chloride (1-5 1.). Next day the mixture was warmed to 80° for 1 hr., cooled, and 
filtered. The yellow residue was decomposed by crushed ice (200 g.) and concentrated hydro- 
chloric acid (100 ml.), and the product was washed with water and fractionally crystallised from 
2n-hydrochloric acid. The earlier crops furnished 8-2 : 4-dihydroxybenzoylacrylic acid in 
orange-yellow prisms (10 g.), m. p. 206—208°. Later crops were purified from methanol, giving 
7-hydroxychromanone-2-carboxylic acid in cream prisms (10 g.), m. p. 222° (decomp.), Amax, 234, 
274, and 316 my (log « 4-08, 4-13, 4-03), pK, 3-75, 5-35 (Found: C, 57-7; H, 4:0. C,)H,O; 
requires C, 57-7; H, 3-9%). The reaction between this acid (1 g.) in tetrahydrofuran (20 ml.) 
and ethereal diazomethane was stopped after 5 min. by evaporation of the reagent and the 
solvents. The product in chloroform was purified on a column of silica and then crystallised 
from benzene, giving methyl 7-hydroxychromanone-2-carboxylate (XVI; R = Me, R’ = H) in 
needles, m. p. 117—118°, which formed a yellow solution in 2N-sodium hydroxide [Found: C, 
59-5; H, 47; OMe, 14:1%; M (Rast), 193. C,9H,O,’OMe requires C, 59-5; H, 4-5; OMe, 
140%; M, 222}. 

Methyl 7-Methoxychromanone-2-carboxylate (XVI; R = R’ = Me).—(i) Heated in methanol 
containing sulphuric acid, 8-2 : 4-dihydroxybenzoylacrylic acid ! gave methyl B-2 : 4-dihydroxy- 
benzoylacrylate (XVII; R = Me), separating from methanol in yellow needles, m. p. 158°, 
Amax, 230 and 342 my (log ¢ 4-21, 3-97), vmax. 3330 (OH), 1721 (ester), and 1695 cm. (C:O), having 
a brown ferric reaction in alcohol (Found: C, 59-2; H, 4-6. C,,H,,O,; requires C, 59-5; H, 
45%). 

This ester (1 g.) in boiling acetone (50 ml.) under nitrogen became red when potassium 
carbonate (2-5 g.) was added. The colour had faded after 2 hr., but heating was continued for 
a further 3 hr. The product obtained by dilution of the filtrate with a large excess of cold 
water was collected into ether, washed with 0-2N-sodium hydroxide, dried (Na,SO,), and 
recovered by evaporation. From the residue, boiling light petroleum (b. p. 60—80°) extracted 
methyl 7-methoxychromanone-2-carboxylate, crystallising from the same solvent in plates 
(100 mg.), m. p. 66°, which did not respond in the ferric chloride test but gave a cherry-red 
Zimmermann reaction [Found: C, 60-9; H, 5-1%; M (Rast), 234. C,,H,,O, requires C, 61-0; 
H, 51%; M, 236}. 

(ii) When the reaction: between diazomethane and 7-hydroxychromanone-2-carboxylic acid 
(0-5 g.) continued for 2 days, the gum produced was purified on silica from benzene, giving the 
methoxychromanone which formed plates (0-37 g.), m. p. and mixed m. p. 67—68°. This ester 
had Amax, 233, 270, and 319 my (log e 3-98, 4-17, 3-98) and vmax 1736 (ester) and 1712 cm.+ 
(chromanone C°0O). 


The authors thank Miss A. Cragg for the methoxyacetylation, and Mr. A. S. Inglis and his 
associates for the microanalyses. 


UNIVERSITY OF LIVERPOOL. [Received, February 19th, 1959.] 
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487. <A Synthesis of «-Diketones. 
By ANGELA M. Cracc, F. M. DEAN, and GRAHAM WINFIELD. 


When treated with diethylamine and then aqueous hydrochloric acid, 
4: 5-dibromo-1 : 5-diphenylpent-l-en-3-one gives benzyl styryl diketone, a 
member of the little-studied class of unsaturated a-diketones. The new 
compound with hydroxide ion undergoes an internal Michael addition, giving 
3: 4-diphenylcyclopentane-1 : 2-dione. Both diketones appear to exist entirely 
as enols, the acetates of which do not show interaction effects such as occur 
in the infrared spectra of other «-acyloxy-ketones. 


ALTHOUGH the reactions of amines with the dibromides of benzylideneacetophenone and 
related compounds have been extensively explored by Cromwell and his colleagues,! it 
appears that unsaturated dibromides such as that from dibenzylideneacetone have not 
been studied. From the reaction between diethylamine and the dibromide (I) we were 
unable to isolate products similar to those obtained in the previous work, but the resulting 
red gum furnished benzyl styryl diketone (II) in fair yields when hydrolysed by hydro- 
chloric acid. Diketones of this kind are not common although a general method for 
preparing the related aryl ethers (III; R = aryl) was described ? in 1902. 

Structures (II) or (III; R = H) for the diketone are supported by the yellow colour, 
the formation of a quinoxaline (IV), and the ultraviolet absorption [Amax, 232, 328 my 
(log ¢ 4:19, 4-50)] of the enol acetate (III; R = Ac) which is close to that [Amax, 231, 332 
my (log ¢ 4:10, 4:54)] of dibenzylideneacetone. However, the infrared spectrum [Vmax 
1757 (vinyl acetate) and 1653 (dienone C:O)} of this acetate is consistent only if the 


28 n° 2 
Ph-CHBr-CHBr:CO-CH:CHPh = Ph:CHy-C-C-CH:CHPh PhCH: C—C-CH:CHPh 
(I) (I) (III) 
NscH,Ph : xX 
’ 2 i. © Ph:CO-CHPh-CH,"CO,H 
ZCH:CHPh Ph Ph 
N (VII) 


(IV) (V) (V1) 


interaction effects characteristic of saturated «-acyloxy-ketones *4* are supposed not to 
operate. As expected, the diketone is highly enolised: it readily gives a red solution in 
alkaline media, an intense brown-red ferric reaction in alcohol, aid shows marked infrared 
absorption bands at 3350 (weakly bonded OH), 1620 (hydrogen-bonded «§: «’8’-di- 
unsaturated C:O), and 1567 cm. (olefinic and aromatic systems) but is transparent in 
the regions (near 1720 and 1680 cm.*) in which the diketonic form would absorb. 

Benzyl styryl diketone is rapidly isomerised by warm alkali. Since structure (II) 
offers opportunity for an internal Michael condensation, the product was considered to be 
the cyclopentane-1 : 2-dione (V), existing as the enol (VI; R = H), in spite of the facts 
that it was resistant to alkaline hydrogen peroxide and, unlike other cyclopentane-1 : 2- 
diones,® did not yield a quinoxaline. It was, however, alkali-soluble, and gave an inky- 
black ferric reaction. Structure (VI; R = H) was established by permanganate oxidation 
which supplied the acid (VII) with the appropriate spectroscopic properties and identical 
with an authentic specimen.® Moreover, the enol acetate (VI; R = Ac) of the new dione 
had an ultraviolet absorption spectrum [Amax, 285 my (log ¢ 4:3), Amin, 236 my (log ¢ 3-5)] 

1 Cromwell, J. Amer. Chem. Soc., 1940, 62, 1672, and subsequent papers, 

2 Stoermer and Wehln, Ber., 1902, 35, 3558. 

3 Grove and Willis, /., 1951, 877. 

. Jones and Herling, J. Org. Chem., 1954, 19, 1252. 

6 


Dieckmann, Ber., 1902, 35, 3201. 
Thiele and Straus, Annalen, 1901, 819, 164. 
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almost the same as that [Amax, 280 my (log ¢ 4:36), Amin, 232 my (log ¢ 3-22)] of 3-phenyl- 
cyclopent-2-en-l-one. It has long been known® that cyclopentane-1:2-diones are 
highly enolic, and this tendency, increased by extended conjugation, may account for the 
unusual chemical properties of the compound. Again the infrared spectrum [vmx 3290 
(bonded OH) and 1686 cm.* (hydrogen-bonded cyclopentenone C:O)] favours an enolic 
structure (VI; R = H), and again the spectrum [vmax, 1748 (vinyl acetate) and 1701 cm.7 
(cyclopentenone C:O)] of the acetate indicates a lack of interaction effects.® 


EXPERIMENTAL 


Ultraviolet spectra were determined for alcoholic solutions (~10™m) by means of a Unicam 
S.P. 500 spectrophotometer. Infrared spectra were determined on Nujol mulls by means of a 
Perkin-Elmer Model 21 double-beam spectrophotometer. 

Benzyl Styryl Diketone (II) or (II[; R = H).—The red mixture obtained by heating under 
reflux in an atmosphere of nitrogen for } hr. 4: 5-dibromo-1 : 5-diphenylpent-1l-en-3-one (I) 
(5 g.) with diethylamine (40 ml.) was cooled and poured on ice (150 g.). When stirred with 
concentrated hydrochloric acid, the red pasty mass slowly gave a yellow solid which, after 
purification from methanol, gave benzyl styryl diketone in bright yellow plates (0-95 g.), m. p. 
120°, Amax. 235, 261, 367 my (log ¢ 4-10, 3-96, 4-40) (Found: C, 81-5; H, 5-7. C,,H,,O, requires 
C, 81-6; H, 5-6%). Essentially the same result was obtained when the starting material was 
a-bromodibenzylideneacetone. The acetate (III; R = Ac) (prepared by acetic anhydride and 
sodium acetate) crystallised from methanol in pale yellow prisms, m. p. 113°, devoid of a ferric 
reaction (Found: C, 78-0; H, 5-6; OAc, 17-6. C,,H,,0°OAc requires C, 78-1; H, 5-5; OAc, 
14:7%). 2-Benzyl-3-styrylquinoxaline (IV), formed by use of o-phenylenediamine hydrochloride 
and sodium acetate in hot alcohol, separated from light petroleum (b. p. 60—80°) in pale yellow 
prisms, m. p. 142—143° (Found: C, 85-8; H, 5-7; N, 8-6. C,,;H,,N, requires C, 85-7; H, 5-6; 
N, 8-7%). 

3: 4-Diphenylcyclopentane-1 : 2-dione (V) or (VI; R = H).—tThe red colour of a solution 
of benzyl styryl diketone (300 mg.) in alcohol (20 ml.) and 2N-sodium hydroxide (10 ml.) faded 
at 80° to yellow in 5 min. Liberated from the cooled solution by concentrated hydrochloric 
acid, the product crystallised from alcohol, giving 3: 4-diphenyicyclopentane-1 : 2-dione in 
faintly yellow needles (300 mg.), m. p. 173—176°, insoluble in aqueous sodium hydrogen 
carbonate and having Amax, 306 my (log ¢ 4-39) (Found: C, 81-5; H, 5-8. Calc. for C,,H,,O,: 
C, 81-6; H,5-6%). The acetate (VI; R = Ac) (formed by acetic anhydride and sodium acetate), 
when purified from alcohol, formed massive prisms, m. p. 146° (Found: C, 78-0; H, 5-8; 
OAc, 18°3. C,,H,,0°OAc requires C, 78-1; H, 5-5; OAc, 14-7%). 

y-Oxo-By-diphenylbutyric Acid (VII).—3: 4-Diphenylcyclopentane-1:2-dione (0-5 g.) in 
the least volume of acetone was treated slowly with a saturated solution of potassium perman- 
ganate in 2N-sulphuric acid until a permanent pink colour developed. On decolorisation with 
sulphur dioxide and evaporation of the acetone, the solution deposited a white solid which was 
purified from aqueous alcohol, giving the organic acid in prisms, m. p. 163°, soluble in aqueous 
sodium hydrogen carbonate (Found: C, 75-4; H, 5-8%; equiv., 261. Calc. for C,;H,,0°CO,H : 
C, 75-6; H, 55%; equiv., 254). This acid was identical (mixed m. p. and infrared techniques) 
with a specimen prepared by the method of Thiele and Straus; * it gave with boiling aniline a 
pyrrolone,® m. p. 198°; its infrared spectrum included bands at 2630 and 1690 (CO,H) and 
1672 cm.*! (acetophenone C:O); and its ultraviolet spectrum [Amax, 246 my (log e 4-09)] agreed 
with that of acetophenone. 


We thank the Department of Scientific and Industrial Research for the financial support 
(of A. M. C.), and Mr. C. Tomlinson, B.A., Mr. D. Newman, and their associates for the micro- 
analyses. 


UNIVERSITY OF LIVERPOOL. [Received, February 20th, 1959.] 


7 Wilds, Beck, Close, Djerassi, Johnson, Johnson, and Shunk, J. Amer. Chem. Soc., 1947, 69, 1985. 
8 Bellamy and Williams, /., 1957, 861. 
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488. Acetylenic Routes to Tropinone, pseudoPelletierine, and 
Lobelanine. 


By W. ParKErR, R. A. RAPHAEL, and D. I. WILKINSON. 


New syntheses of tropinone, pseudopelletierine, and lobelanine have been 
achieved from hexa-1 : 5-diyne and hepta-1 : 6-diyne. 


IN spite of their considerable potential in the elaboration of heterocyclic systems acetylenic 
compounds have hitherto found little use in the synthesis of heterocyclic natural products. 
The present paper describes the application of triply bonded intermediates to the synthesis 
of some simple alkaloids. 

Carboxylation of the bis-Grignard derivative from hexa-l : 5-diyne,! followed by 
esterification, gave diethyl hexa-1 : 5-diyne-1 : 6-dicarboxylate (I), which with hot ethanolic 
methylamine gave a high yield of the pyrrolidine derivative (II) formed by the nucleo- 
philic attack of one molecule of methylamine on the electron-depleted 8-carbon atoms of 


EtO,C-C:C-[CH,] Ci C-CO,Et ne 
2 EtO,C-CH N =CH-CO,Et 


(I) 
Me (II) 


ed 
EtO,C: onl Sen, CO,Et (ine 0 


(I) Me (IV) 


the two activated triple bonds. In view of the well-established ¢vans-addition of nucleo- 
philic agents to triple bonds? the product (II) very probably possesses the trans-trans- 
configuration about the double bonds (with respect to the carbon framework). The 
product (II) was crystalline and identical in m. p. with a substance previously obtained by 
Willstatter and Bommer ® by the action of methylamine on diethyl 2 : 5-dioxohexane-! : 6- 
dicarboxylate. This was regarded by the German workers as diethyl 1-methylpyrrole- 
2: 5-diacetate. However, the spectral properties of the compound, especially its high- 
intensity ultraviolet absorption at 314 my, pointed conclusively to structure (II). This 
finding removes an apparent contradiction in the later literature where diethyl 1-methyl- 
pyrrole-2 : 5-diacetate, prepared by the action of ethyl diazoacetate on 1-methylpyrrole,* 
is described as a liquid; repetition of this process and spectral examination of the product 
confirmed this assignment. 

Catalytic reduction of the ester (II) with platinic oxide in acetic acid readily gave the 
saturated pyrrolidine diester (III). Although the homogeneity of this product was not 
investigated the steric course of catalytic hydrogenation requires it to be predominantly 
the cis-isomer. Dieckmann cyciisation of the diester, followed by hydrolysis and 
decarboxylation, gave tropinone (IV). The dipiperonylidene derivative and the picrate 
showed no m. p. depression on admixture with authentic specimens. 

A similar procedure was tried with the homologous ester, diethyl hepta-1 : 6-diyne-1 : 7- 
dicarboxylate (V) (prepared from hepta-1 : 6-diyne) in order to obtain pseudopelletierine. 
Ethanolic methylamine here gave a high yield of the expected piperidine derivative (VI). 
However, the next stage, involving catalytic hydrogenation, produced unexpected results. 
With ethanol as solvent, only one mol. of hydrogen was absorbed, and the product 
undoubtedly possessed the partially reduced structure (VII): no explanation of this is 
apparent. When more forcing conditions were used, with acetic acid as solvent, again the 

1 Shaw and Whiting, J., 1954, 3220. 

2 Truce and Simms, J. Amer. Chem. Soc., 1956, 78, 2757. 


3 Willstatter and Bommer, Annalen, 1921, 422, 15. 
4 Rapoport, Christian, and Spencer, J. Org. Chem., 1954, 18, 842. 








2434 Parker, Raphael, and Wilkinson: Acetylemic Routes to 


hydrogenation ceased after the absorption of one mol. of hydrogen, but this time the 
product was nitrogen-free, its properties being in accord with the hydropyran structure 
(IX). One of many plausible mechanisms for this replacement involves acid-catalysed 
hydrolysis of the initial product, the enamine (VII), to an open chain 8-oxo-ester. Cyclis- 
ation of the protonated enolic form (VIII) of the latter with extrusion of methylamine 
then furnishes the product (IX). The close relation of (VII) and (IX) was confirmed by 
their producing with Brady’s reagent the same 2: 4-dinitrophenylhydrazone, that of the 


Et0,C-C:C-[CH,] -CiC-CO,E¢. —> i} 
i. Et0,C-CHA, CH-COzEt 
* 


Vv 
(V) Me (V1) 


+ 
—_—_—_> ('NH,Me —> 
Et0,C-CHA + CH,-CO,Et EtO,C-CH 


O5 *CH,-CO,Et 
win Me (vin) # 


ree CO,Et EtO,C- CH,-CO-[CH,] ;CH=CH-CO,Et 
(IX) (X) 


unsaturated oxodiester (X). The last compound may obviously be readily obtained from 
both the enamine (VII) and the enol ether (IX) by acid-catalysed hydrolysis of the ring 
followed by §-elimination involving loss of methylamine or water respectively. It is 
interesting that none of these difficulties attended the catalytic reduction of the closely 
similar pyrrolidine (II). One explanation for this may be that the latter compound was 
initially isomerised, under the influence of either the catalyst or the acetic acid used as 
solvent, to the corresponding 1-methylpyrrole, which then underwent a ete to the 
saturated pyrrolidine (III) in the usual fashion. 

Because of this unforeseen complication a modification was adopted. Partial catalytic 
hydrogenation of the diacetylenic diester (V) yielded the corresponding cis-cis-diethylenic 


BxO,C-CH:CH: [Crh], CH:CH-COnEe —_> mr Gy oon i Chu Yno 


XI 


diester (XI). Addition of methylamine then furnished the required saturated piperidine 
(XII); Dieckmann cyclisation, hydrolysis, and decarboxylation gave pseudopelletierine 
(XIII) identical with the naturally occurring alkaloid. This cyclisation indicated that the 
addition of methylamine to the cis-cis-diester had probably produced predominantly, if 
not entirely, the cis-disubstituted piperidine (XII). 

Hepta-1 : 6-diyne was also used in a synthesis of lobelanine. The bis-Grignard complex 
with two mols. of benzaldehyde produced a mixture of the two diastereoisomeric diacetylene 
glycols of structure (XIV). Oxidation of this mixture by chromium trioxide gave the 


HO-CHPh-C:C-[CH,]-C:C-CHPh-OH —> PhCO-C:C-[CH],-C:C-COPh > 


(XIV) (XV) 
PhCO-CH:CH-[CH,] -CH:CH-COPh  —> 
; PhCO-CH, CH,-COPh 
(XVI) N oe 
Me (XVII) 


crystalline diketone (XV) which was then converted into the cis-cis-diethylenic diketone 
(XVI) by partial catalytic hydrogenation. Addition of methylamine to the diketone 
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(XVI) again proceeded stereospecifically, to give as the sole isolable product the cis- 
piperidine (XVII) identical with lobelanine. 


EXPERIMENTAL 


Hexa-1 : 5-diyne-1 : 6-dicarboxylic Acid.—Hexa-1 : 5-diyne > (7-8 g.) in dry ether (25 ml.) 
was added to a solution of ethylmagnesium bromide [from magnesium (6 g.)] in ether (200 ml.) 
and refluxed for 2 hr. The cooled mixture was kept in an autoclave with an excess of solid 
carbon dioxide at room temperature for several days. The complex was then decomposed with 
2n-sulphuric acid, and the dicarboxylic acid (7-8 g., 47%), m. p. 182—187°, isolated in the 
usual manner. 

Treatment of the crude diacid (11 g.) with 10% v/v ethanolic sulphuric acid (150 ml.) at 
room temperature for 5 days gave diethyl hexa-1 : 5-diyne-1 : 6-dicarboxylate (I) (12 g., 82%), 
b. p. 147—150°/0-5 mm., »,?* 1-4807 (Found: C, 64-9; H, 6:35. C,,H,,O, requires C, 64-85; 
H, 635%). 

2 : 5-Di(ethoxycarbonylmethylene)-1-methylpyrrolidine (I1).—Diethyl hexa-1 : 5-diyne-1 : 6-di- 
carboxylate (11-7 g.) was heated under reflux with dry ethanolic methylamine (25% solution; 
60 ml.) for 8 hr. Concentration to small bulk and cooling induced crystallisation of the almost 
pure pyrrolidine (10-8 g.). Recrystallisation from ethanol gave elongated plates (9-4 g., 71%), 
m. p. 161-5—163-5° (lit.,3 m. p. 163—164°), Amax (in chloroform) 314 my (e 55,500) (Found: C, 
61-6; H, 7-2; N, 5-5. C,,;H,,O,N requires C, 61-6; H, 7:55; N, 5-55%). The infrared 
spectrum (in carbon tetrachloride) showed a strong absorption band at 1710 cm.! (conjugated 
ester-carbonyl). The isomeric diethyl 1-methylpyrrole-2 : 5-diacetate was obtained‘ in low 
yield as a viscous yellow oil, b. p. 124—-130°/0-1 mm., n,,** 1-4940. The ultraviolet absorption 
(in ethanol) resembled closely that of 1-methylpyrrole, showing only rising end-absorption; in 
the infrared region the expected unconjugated ester-carbonyl absorption occurred at 1726 cm. 
(in carbon tetrachloride). 

2 : 5-Di(ethoxycarbonylmethyl)-1-methylpyrrolidine (II1).—The pyrrolidine (II) (2-53 g.) in 
presence of platinic oxide (350 mg.) in glacial acetic acid (15 ml.) at atmospheric pressure 
required 3 hr. for complete hydrogenation. The bulk of the solvent was removed under reduced 
pressure, and the residue basified with 2N-sodium hydroxide. Isolation with ether gave the 
saturated ester (2-1 g., 84%), b. p. 138—140°/2 mm., m,,** 1-4533 (lit.,* ”,!° 1-4597) (Found: C, 
60:6; H, 8-3; N, 5-45. Calc. for C,;H,,0,N: C, 60-7; H, 9:0; N, 5-45%). 

Tropinone.—A suspension of potassium fert.-butoxide in xylene (25 ml.) was prepared 
by dissolving potassium (1-3 g.) in dry ¢ert.-butyl alcohol (12 ml.) in a three-necked flask equipped 
with stirrer, dropping funnel, and short fractionating column (10 cm.) carrying a partial take-off 
distillation head. The excess of alcohol was removed through the column as the xylene azeo- 
trope. When the refractive index of this distillate reached that of pure xylene, the diester 
(III) (3-22 g.) in xylene (15 ml.) was added to the stirred suspension, and refluxing continued 
for 7 hr. The ethanol-xylene azeotrope formed during cyclisation was distilled off until the 
refractive index of pure xylene was again attained. The mixture was cooled, and the xylene 
removed under reduced pressure. The solid residue gave a positive ferric chloride test. This 
product was heated under reflux with 4n-hydrochloric acid (60 ml.) for 1 hr. The solution was 
reduced in volume to ca. 20 ml., basified with solid sodium carbonate, and continuously 
extracted with ether for 4 hr. Removal of ether from the dried extracts afforded a brown 
semisolid material (0-47 g.); sublimation of a portion of this product in a high vacuum gave 
almost pure tropinone, m. p. 40—42° undepressed on admixture with an authentic sample. A 
portion of the crude tropinone (100 mg.) was warmed with piperonaldehyde (300 mg.) in ethanol 
(4 ml.) and potassium hydroxide (250 mg.) in water (1 ml.). The resultant solid was filtered 
off, dried, and recrystallised from ethyl acetate to give yellow needles of dipiperonylidene- 
tropinone, m. p. and mixed m. p. 212—213°. From aqueous acetone, the tropinone gave a 
picrate as needles (from water), m. p. and mixed m. p. 210—211° (decomp.). 

Hepta-1 : 6-diyne.—1 : 3-Dibromopropane (300 g.) in dry ether (200 ml.) was added to a 
solution of sodium acetylide [from sodium (100 g.) in liquid ammonia (2 1.)] with vigorous stir- 
ring, a slow stream of purified acetylene being maintained through the mixture throughout the 
addition. After 90 minutes’ further stirring the ammonia was allowed to evaporate and the 





5 Raphael and Sondheimer, J., 1950, 120. 
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residue treated with water and ether. The ethereal layer was separated, washed with dilute 
sulphuric acid, saturated aqueous sodium carbonate, and water, and dried (MgSO,). The 
ether was removed through a Dufton column (30 cm.), and the residual oil fractionated, to give 
the hydrocarbon (40—52%), b. p. 108—112°/760 mm., m,*° 1-4428—1-4460 (lit.,* b. p. 
111-5°/760 mm., ”,,*° 1-4423). 

Hepta-1 : 6-diyne-1 : 7-dicarboxylic Acid (V).—Hepta-1 : 6-diyne (6-9 g.) in dry ether (25 ml.) 
was added, with stirring, to a solution in 1:1 ether—benzene (250 ml.) of ethylmagnesium 
bromide [from magnesium (4-5 g.)]. After 90 minutes’ heating under reflux the resulting 
complex was treated with carbon dioxide under pressure as in the above cognate preparation. 
Isolation in the usual manner gave hepta-1 : 6-diyne-1 : 7-dicarboxylic acid (6-8 g., 49%) which 
crystallised from benzene in plates, m. p. 98-5—100° (Found: C, 59-7; H, 4:35. CjH,O, 
requires C, 60-0; H, 4.4%). 

The esters were prepared as described above from the diacid and alcoholic sulphuric acid 
(10% v/v; 15 ml. per g. of acid). Dimethyl hepta-1 : 6-diyne-1 : 7-dicarboxylate had b. p. 
132°/0-1 mm., ,}? 1-4890 (Found: C, 63-2; H, 5-8. C,,H,,0, requires C, 63-45; H, 5-75%). 
The diethyl ester had b. p. 148°/0-06 mm., m,”* 1-4805 (Found: C, 65-9; H, 6-85. C,3H,,O, 
requires C, 66-05; H, 6-85%). 

2 : 6-Di(ethoxycarbonylmethylene)-1-methylpiperidine (V1).—The preceding diethyl ester 
(4-72 g.) was refluxed for 3 hr. with excess of 10% ethanolic methylamine (30 ml.) and ethanol 
(20 ml.). The residual oil, after removal of the excess of amine and ethanol, was distilled in a 
short-path apparatus to furnish the piperidine (VI) (83—90% yield depending on scale of 
distillation), b. p. 170—174°/0-06 mm., 7,25 1-5680, Amax. (in chloroform) 322 my (e 21,100) 
(Found: C, 63-0; H, 7-95; N, 5-80. C,,H,,0O,N requires C, 62-9; H, 7-9; N, 5-25%). 

2-Ethoxycarbonylmethyl-6-ethoxycarbonylmethylenetetrahydropyran (IX).—When the piperidine 
(VI) (1-34 g.) in glacial acetic acid (10 ml.) was hydrogenated in the presence of platinic oxide 
(200 mg.) absorption of hydrogen ceased after 40 min. (uptake, 118 ml. at 17°/758 mm.; complete 
reduction required 231 mol.). The solvent was neutralised with solid sodium carbonate, water 
was added, and the ¢etrahydropyran isolated with ether as an oil, b. p. 118°/0-02 mm., n,* 
1-4731, Amax. (in chloroform) 256 my (e 4750) (Found: C, 60-4; H, 8-0. C,,;H,.O, requires C, 
60-9; H, 7-85%). Treatment with Brady’s reagent afforded the 2 : 4-dinitrophenylhydrazone of 
diethyl 6-oxohept-1l-ene-1 : 7-dicarboxylate (X) as yellow needles (from ethanol), m.‘p. 111-5— 
113° (Found: C, 52-4; H, 5-2; N, 13-2. C,,H,,O,N, requires C, 52-3; H, 5-55; N, 12-85%). 

2-Ethoxycarbonylmethyl-6-ethoxycarbonylmethylene-1-methylpiperidine (VII).—When shaken 
with 10% palladium-charcoal (500 mg.) in ethanol (10 ml.) the piperidine (VI) (880 mg.) 
absorbed only one mol. of hydrogen. Filtration, removal of solvent, and distillation gave the 
piperidine (VII), b. p. 133—139°/0-05 mm., n,,*5 1-5072, Amax. (in chloroform) 302 my (e 10,000) 
(Found: C, 62-5; H, 8-5; N, 5-1. C,,H,,0,N requires C, 62-4; H, 8-6; N, 52%). By 
treatment with Brady’s reagent the product gave the 2 : 4-dinitrophenylhydrazone of the oxo- 
diester (X) undepressed by the corresponding derivative prepared as in the preceding 
experiment. 

Diethyl Hepta-1 : 6-diene-1 : 7-dicarboxylate (XI1).—Diethyl hepta-1 : 6-diyne-1 : 7-dicarb- 
oxylate (18 g.) in ethanol (50 ml.) was hydrogenated in the presence of Lindlar’s catalyst (5-0 g.) 
until 2 mol. of hydrogen had been absorbed. Filtration, evaporation, and distillation gave the 
cis-cis-diester, b. p. 104—106°/0-04 mm., u,** 1-4675 (Found: C, 65-3; H, 8-15. C,sH 90, 
requires C, 65-0; H, 8:35%). 

2 : 6-Di(ethoxycarbonyl)-1-methylpiperidine (XII).—The diester (XI) (9-3 g.) was refluxed 
for 9 hr. with 5% ethanolic methylamine (60 ml.). After removal of the excess of methylamine 
and alcohol, fractional distillation of the residue gave 2 : 6-di(ethoxycarbonyl)-1-methylpiperidine 
(9-2 g., 87%), b. p. 117—120°/0-05 mm., m,** 1-4642 (Found: C, 62-1; H, 9-1; N, 4-95. 
C,,H,,0,N requires C, 61-95; H, 9-3; N, 5-15%). 

pseudoPelletierine (XIII).—The three-necked flask fitted with stirrer, gas-inlet tube, dropping 
funnel, and partial take-off distillation head described above was charged with “ atomised ”’ 
sodium (600 mg.) in p-cymene (4 ml.). The ester (XII) (6-95 g.) in p-cymene (8 ml.) was added 
and the mixture held at 158—160° (oil-bath) in nitrogen for 15 min. with concomitant removal 
by fractional distillation of the ethanol formed. The cooled mixture was treated with water, 
the organic phase separated, and the aqueous layer acidified with 50% sulphuric acid and 
refluxed for 90 min. The cooled solution was basified with 40% potassium hydroxide solution, 

® Henne and Greenlee, J]. Amer. Chem. Soc., 1945, 67, 484. : 
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saturated with potassium carbonate, and continuously extracted with ether. Drying (MgSO,) 
and distillation of the residual oil (after removal of the ether) gave an unsharply melting mixture 
of pseudopelletierine and its hydrate (0-7 g.). By treatment with a concentrated acetone 
solution of picric acid, pseudopelletierine picrate was obtained in yellow prisms, m. p. and 
mixed m. p. 258—260° (decomp.). The dipiperonylidene derivative, prepared as above, had 
m. p. and mixed m. p. 228—230°. 

1 : 9-Diphenylnona-2 : 7-diyne-1 : 9-diol (XIV).—The bisbromomagnesium complex of hepta- 
1 : 6-diyne (13-8 g.) was prepared in the usual manner from ethylmagnesium bromide [from 
magnesium (8-0 g.)] in 1: 1 dry ether—benzene (400 ml.), then cooled and treated with excess 
of redistilled benzaldehyde (36 g.). The mixture was heated under reflux for 30 min. and the 
complex then decomposed with saturated aqueous ammonium chloride (200 ml.)._ The organic 
phase was isolated, washed with saturated aqueous sodium carbonate, dried (MgSO,), and 
evaporated. After removal of the benzaldehyde and other low-boiling materials the mixture of 
diastereoisomers of 1 : 9-diphenylnona-2 : 7-diyne-1 : 9-diols distilled at 180—190°/10 mm., 
as a yellow syrup, ”,** 1-586 (Found: C, 82-6; H, 6-50. Calc. for C,,H,,0: C, 82-8; H, 6-6%). 

1 : 9-Diphenylnona-2 : 7-diyne-1 : 9-dione (XV).—The above glycol (7-48 g.) in acetone 
(15 ml.) was treated with a solution of chromium trioxide (3-4 g.) in water (10 ml.) containing 
concentrated sulphuric acid (2-85 ml.) during 20 min. at 0°. After a further 2 hours’ stirring at 
room temperature water (100 ml.) was added and the product isolated by ether-extraction. 
Removal of solvent and crystallisation from methanol gave the diketone (5-2 g., 69%) as plates, 
m. p. 59—60°, Amax, (in chloroform) 264 my (e 2860) (Found: C, 83-9; H, 5-35. C,,H,,O, 
requires C, 84:0; H, 5-35%). The mono-2 : 4-dinitrophenylhydrazone crystallised from ethyl 
acetate in orange platelets, m. p. 138—140° (Found: C, 66-9; H, 3-95; N, 11-9. C,,H,0;N, 
requires C, 67-4; H, 3-63; N, 11-7%), Amax, (in chloroform) 384 and 262 my (¢ 32,400 and 30,500 
respectively). 

cis-cis-1 : 9-Diphenylnona-2 : 7-diene-1 : 9-dione (XVI).—The acetylenic diketone (6 g.) was 
partially hydrogenated in benzene (60 ml.) with Lindlar’s catalyst (2-4 g.), the uptake being 
discontinued when 2 mols. of hydrogen had been absorbed (944 ml. at 18°/769 mm.). Filtration 
and removal of benzene gave the cis-cis-diketone, b. p. 184°/10™ mm., 7,,*° 1-589, Amax. (in chloro- 
form) 248 my (ce 22,600) (Found: C, 82-4; H, 6-70. C,,H. .O, requires C, 82-8; H, 6-60%), 
Vmax, 691 cm.?. Complete hydrogenation of the diyne afforded 1 : 9-diphenylnonan-1 : 9-dione 
which crystallised from light petroleum (b. p. 40—60°) in plates, m. p. 52—54° (lit.,? m. p. 
56—57°). 

Lobelanine (XVII).—A solution of the above diketone (6-48 g.) in ethanol (10 ml.) was 
treated dropwise with a solution of methylamine (0-62 g.) in ethanol (25 ml.) during lhr. After 
a further 2 hours’ stirring, the ethanol was removed under a vacuum, leaving crude lobelanine 
as a brown syrup. When a solution of this product in ethanol (10 ml.) was saturated with dry 
hydrogen chloride lobelanine hydrochloride (2-05 g., 27%) was obtained as a cream-coloured 
solid, m. p. 196° (decomp.) (lit.,2 m. p. 198°) (Found: C, 70-7; H, 6-6; N, 4:1. Calc. for 
C,.H,,O,NCI: C, 71-05; H, 7-05; N, 3-75%). The free base was regenerated by shaking the 
hydrochloride (1-3 g.) with saturated aqueous sodium carbonate (10 ml.) and benzene (5 ml.). 
The benzene phase afforded lobelanine, plates [from light petroleum (b. p. 60—80°)], m. p. 97— 
98° (lit.,8 m. p. 94—95°) (Found: C, 78-6; H, 7-4; N, 4-0. Calc. for C,,H,,O,N: C, 78-8; H, 
7-5; N, 4:2%). 
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489. The Tropylium Ion. Part IV. Conversion of Cyclohepta- 
2,4,6-trienecarboxylic Acid into Tropylium Salts. 


By M. J. S. Dewar and C. R. GANELLIN. 


The Hunsdiecker reaction with silver cyclohepta-2,4,6-trienecarboxylate 
gives a tropylium halide. Tropylium salts are obtained by reaction of 
cyclohepta-2,4,6-trienecarbonyl chloride with acetyl fluoroborate or silver 
perchlorate. The perchlorate with 7-cyanocyclohepta-1,3,5-triene gives 
tropylium perchlorate. Bromine and cyclohepta-2,4,6-trienecarboxylic acid 
give two dibromo-adducts; one of these can be dehydrobrominated to 
carboxytropylium bromide, the other is stable. 


OXIDATION of cyclohepta-2,4,6-trienecarboxylic acid (I; R = CO,H) into the tropylium 
cation, reported in Part III,! suggests that this acid should be readily decarboxylated or 
decarbonylated to yield tropylium salts directly; several methods for effecting such a 
conversion are described below. 

Treatment of silver cyclohepta-2,4,6-trienecarboxylate with bromine in carbon tetra- 
chloride, or iodine in benzene, as in the normal Hunsdiecker reaction,” liberated carbon 
dioxide, and the resulting silver halide was precipitated in intimate mixture with the 
insoluble tropylium halide. Only a small proportion of the tropylium salt in this precipitate 
was extracted by water or ethanol, but it was all converted into biscycloheptatrienyl ether 
by vigorous agitation with aqueous sodium hydroxide. This ether was then extracted 
and converted into tropylium bromide with hydrogen bromide. 


‘ a — ‘ ee + CO 
R coc! ¢-cl ; 
(I) 


O:>AICl 
(11) ‘ AICI- 


The tropylium salt was, however, retained in solution when cyclohepta-2,4,6-triene- 
carbonyl chloride (I; R = COCl) was decarbonylated with silver perchlorate in nitro- 
methane to give silver chloride, which was removed by filtration, and tropylium perchlorate 
which was then precipitated from the filtrate by the addition of ether. An analogous 
reaction has been described * in which the treatment of pivaloyl chloride with aluminium 
chloride results in loss of carbon monoxide. A similar reaction with cyclohepta-2,4,6- 
trienecarbonyl chloride gave a solid organic product which contained aluminium but 
displayed none of the characteristic properties of the tropylium cation. It is possible 
that this product is a complex of the form (II): this type of complex has been obtained 4 
on reaction of benzoyl chloride with aluminium chloride. In a similar way 7-cyano- 
cyclohepta-1,3,5-triene > (I; R = CN) with silver perchlorate in nitromethane produced 
silver cyanide: this was filtered off and addition of ether to the filtrate precipitated 
tropylium perchlorate. 

Acetyl fluoroborate ® with compounds containing an active chlorine atom gives acetyl 
chloride and a fluoroborate; however, there is no recorded use of this reagent with acid 
chlorides. The reaction with cyclohepta-2,4,6-trienecarbonyl chloride in chloroform 
proceeded with elimination of carbon monoxide to give tropylium fluoroborate which was 


1 Part III, /J., 1958, 55. 

2 See Johnson and Ingham, Chem. Rev., 1956, 56, 219. 

*’ Grundy, Rothstein, and Hsii, J., 1956, 4558. 

* Brown and Jensen, ]. Amer. Chem. Soc., 1958, 80, 2291. 
5 Dewar and Pettit, J., 1956, 2021, 2026. 

® Seel, Z. anorg. Chem., 1943, 250, 331. 
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precipitated on addition of ether. A similar reaction with cyclohepta-2,4,6-triene- 
carboxylic acid gave acetic acid and carbon monoxide, the yield of tropylium fluoroborate 
being increased to almost 100%. 

All the above reactions remove the group R from the cycloheptatriene derivatives 
(I; R = CO,H, COCI, or CN) to give tropylium salts. An alternative reaction, whereby 
the hydrogen atom « to the group R is removed, would give a tropylium cation containing 
a functional substituent. Such a reaction was described recently by Johnson, Langemann, 
and Tisler,? who obtained carboxytropylium bromide in low yields from 8- or y-cyclo- 
heptatrienecarboxylic acid by the bromination procedure of Doering and Knox.® 

Braren and Buchner ® stated that the action of bromine on cyclohepta-2,4,6-triene- 
carboxylic acid ! gave a crystalline dibromide which did not lose hydrogen bromide and 
could be reduced back to cyclohepta-2,4,6-trienecarboxylic acid with zinc. This suggested 
that it might be possible to dehydrohalogenate the dibromide to bromocyclohepta-2,4,6- 
trienecarboxylic acid, and then to convert this by our procedure into a bromotropylium 
salt and so into tropone; this is illustrated below for a possible structure (III) of the 
dibromide and the corresponding structure (IV) for the monobromo-acid. It would of 
course be equally possible in principle for dehydrobromination to give carboxytropylium 
bromide (VII) via (VI). 


Br Br Br 
Be 
—> 
pa 
, 
" 
IV) Vv 
ain ye (V) 
o Br~ 
(VI) (Vil) 


On repeating the addition of bromine to cyclohepta-2,4,6-trienecarboxylic acid we 
obtained two products, one of which was the solid dibromocarboxylic acid described by the 
earlier workers. This acid did not eliminate hydrogen bromide when heated alone im vacuo 
or with anhydrous pyridine, and in the presence of hydroxyl ions the bromine atoms were 
readily hydrolysed. The other product was obtained as a pale yellow viscous liquid when 
the filtrate from the reaction mixture was evaporated. This was too unstable to be 
purified and eliminated hydrogen bromide with extreme ease, even at room temperature, 
to give carboxytropylium bromide. It is possible that the two bromo-acid products are 
configurational isomers in which either both bromine atoms are trans, or one is trans, to 
the carboxyl group. Only the latter isomer satisfies the requirement for ¢vans-elimination 
of hydrogen bromide, whilst participation of the hydrogen atom adjacent to the carboxyl 
group is favoured by the inductive (+-J) effect of the latter. 

Carboxytropylium bromide was unstable in aqueous or alcoholic solution and was much 
more susceptible to nucleophilic substitution than the parent tropylium cation; thus a solu- 
tion in water, or dilute acid, afforded a brown solid within a few minutes; this was a 
mixture and we were unable to purify it, but it appeared to contain formyl- and hydroxy- 
methyl-benzoic acid. In solutions containing a high concentration of bromide ions the 
cation was much more stable. In the presence of different halide ions the colour of the 


7 Johnson, Langemann, and Tisler, /., 1955, 1622. 

8 Doering and Knox, J. Amer. Chem. Soc., 1954, 54, 925. 

® Braren and Buchner, Ber., 1901, 34, 995. 

10 This acid was formerly formulated as norcaradienecarboxylic acid; see Doering, Chamberlain, 
Laber, Vonderwahl, and Williams, J]. Amer. Chem. Soc., 1956, '78, 5448. 
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solution changed in a way similar to that observed for the tropylium cation. A concen- 
trated aqueous solution of carboxytropylium bromide was yellow; the addition of sodium 
chloride solution removed the colour, whilst with sodium iodide it was deep red. With 
saturated aqueous picric acid this compound formed a yellow crystalline picrate, which 
also was unstable in aqueous solution. 


EXPERIMENTAL 

Hunsdiecker Reaction.—Cyclohepta-2,4,6-trienecarboxylic acid*® was neutralised with 
0-5n-sodium hydroxide; an equivalent amount of silver nitrate was then added. The resulting 
white precipitate of silver cyclohepta-2,4,6-trienecarboxylate was filtered off, was washed with 
water, then acetone, partially dried at 100° for 30 min., and finally dried in vacuo over phosphoric 
oxide (yield, 90%). 

(a) To a suspension of the silver salt (10-0 g., 0-041 mole) in dry, refluxing carbon tetra- 
chloride (700 ml.), bromine (6-6 g., 0-041 mole) was added dropwise with vigorous stirring. 
Carbon dioxide (250 c.c., 25%) was liberated, and refluxing was continued for 10 min. After 
filtration, the yellow precipitate (10 g.), consisting of a mixture of silver and tropylium bromides, 
was agitated for 30 min. with 2N-sodium hydroxide. The resulting mixture was extracted 
with ether (3 x 100 ml.), and the combined extracts were washed once with water, dried 
(MgSO,), and evaporated. The residue of biscycloheptatrienyl ether was dissolved in dry ether 
(50 ml.) and treated with hydrogen bromide to give tropylium bromide (0-40 g., 5%). Evapor- 
ation of the carbon tetrachloride filtrate gave polymeric material. Variation of the initial 
reaction temperature did not improve the yield of tropylium bromide. 

(6) The above silver salt (18-5 g., 0-076 mole) was added portionwise during 1 hr. to a dry, 
refluxing solution of iodine (19-3 g., 0-076 mole) in benzene (21.). Carbon dioxide was evolved 
and refluxing was continued for 1 hr. The red precipitate (23-0 g.), consisting of a mixture of 
silver and tropylium iodides, was filtered off and treated as described above, to give tropylium 
bromide (1-7 g., 13%). The yield was not improved by varying the order of addition or the 
initial temperature of reaction. 

Reaction of Acetyl Fluoroborate with Cyclohepta-2,4,6-trienecarboxylic Acid.—Excess of acetyl 
fluoroborate * (1-5—2 g.) was added to the carboxylic acid (1-00 g.) in chloroform (5 ml.) at 
— 70°, and the mixture was allowed to reach 20° (the initial reaction occurred at approx. —20°). 
More acetyl fluoroborate (0-5 g.) was added and, after 30 min., the mixture was heated at 
40—50° for 1 hr. The mixture was cooled, dry ether (50 ml.) added, and the resulting pale 
brown precipitate was collected and dried (1-21 g., 93%). Trituration, followed by crystal- 
lisation from ethanol, gave pure tropylium fluoroborate as prisms (Found: C, 47-3; H, 4:3. 
Calc. for C,H,BF,: C, 47-2; H, 4:0%). 

Reactions with Cyclohepta-2,4,6-trienecarbonyl Chloride.—(a) A solution of the acid chloride 5 
(1-13 g., 0-0073 mole) in dry nitromethane (10 ml.) was added dropwise, during 45 min., to a 
stirred solution of silver perchlorate (1-74 g., 0-0084 mole) in dry nitromethane (20 ml.) at 90°. 
After a further 75 min. the precipitate of silver chloride was filtered off and dry ether (300 ml.) 
was added to the filtrate to precipitate tropylium perchlorate (0-39 g., 28%). This tropylium 
salt crystallised from nitromethane as prisms (Found: C, 43-8; H, 4-0. Calc. for C,H,C1O,: 
C, 44-1; H, 3-7%). 

(6) A solution of aluminium chloride (0-73 g., 0-0054 mole) in dry nitromethane (3 ml.) was 
added to the acid chloride (0-92 g., 0-0059 mole) with cooling, and the mixture was heated to 80°. 
After 20 min. the mixture was cooled, dry ether (200 ml.) was added, and the resulting pale 
yellow precipitate was collected (0-61 g.). This substance was soluble in ethanol, acetone, or 
chloroform, but insoluble in benzene or water. The addition of alkali did not produce biscyclo- 
heptatrieny] ether. 

(c) Excess of acetyl fluoroborate was added to the acid chloride (0-70 g.) in chloroform 
(5 ml.) at —70°, and the mixture was allowed to reach 20°. After 30 min., dry ether was added 
to precipitate tropylium fluoroborate (0-25 g., 41%). 

Reaction of Silver Perchlorate with 7-Cyanocyclohepta-1,3,5-triene—The cyanide ® (1-00 g., 
0-0085 mole) was heated with silver perchlorate (3-6 g., 0-017 mole) in dry nitromethane (50 ml.) 
at 85° for 54 hr. After removal of the silver cyanide (0-51 g., 58%), dry ether (100 ml.) was 
added and the white precipitate of tropylium perchlorate was collected (0-72 g., 45%). 

Bromination of Cyclohepta-2,4,6-trienecarboxylic Acid.—(a) To a stirred solution of cyclo- 
hepta-2,4,6-trienecarboxylic acid (2-5 g., 0-018 mole) in carbon disulphide (10 ml.) at 0°, bromine 
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(2-9 g., 0-018 mole) in carbon disulphide (10 ml.) was added dropwise during 10 min. Dibromo- 
cycloheptadienecarboxylic acid (0-8 g., 15%), which separated as a white solid, was filtered 
off and, after three crystallisations from benzene, had m. p. 139—139-5° (decomp.) (lit.,® 
159—160°). Several further crystallisations from benzene or light petroleum did not raise the 
m. p. which was extremely sensitive to the rate of heating (the value recorded above was 
obtained after slow heating from room temperature) (Found: C, 32-6; H, 2-7; Br, 54-1. Calc. 
for C,H,O,Br,: C, 32-5; H, 2-7; Br, 54:0%). The colour reactions of this product with 
sulphuric acid, and its behaviour towards permanganate or bromine, were identical with those 
previously described.® 

Evaporation of the carbon disulphide filtrate left a pale yellow viscous residue which evolved 
hydrogen bromide and deposited yellow needles. This was heated for 30 min. at 80°/14 mm., 
then dry ether (50 ml.) precipitated carboxytropylium bromide as dull yellow needles (0-73 g., 
19%). Evaporation of the ethereal filtrate left a residue which, on crystallisation from benzene, 
gave a further crop of dibromocycloheptadienecarboxylic acid (1-0 g., 19%). 

Several other solvents were investigated: the highest yield of carboxytropylium bromide 
was obtained by using chlorobenzene. 

(b) To a stirred solution of cyclohepta-2,4,6-trienecarboxylic acid (10-0 g., 0-074 mole) in 
chlorobenzene (60 ml.) at 80°, bromine (11-8 g., 0-074 mole) in chlorobenzene (20 ml.) was 
added dropwise during 30 min. Hydrogen bromide was evolved and carboxytropylium bromide 
separated as yellow prismatic needles which, after a further 1 hr. at 80°, were filtered off 
(2-4 g., 15%). The residue obtained on evaporation of the filtrate was heated at 80°/14 mm. 
for 2 hr., to give carboxytropylium bromide (3-2 g., 20%) and a small amount of dibromo- 
cycloheptadienecarboxylic acid. 

Carboxytropylium bromide, obtained as above, had the properties described by Johnson 
et al.? (Found: C, 44-5; H, 3-7; Br, 38-0. Calc. for C,H,O,Br: C, 44:7; H, 3-3; Br, 37-2%). 
This salt was sparingly soluble in ethanol at 0° and was precipitated with dry ether; however, 
after being warmed in ethanol, the salt dissolved and was not reprecipitated by ether. 
Addition of saturated aqueous picric acid to a concentrated aqueous solution of carboxy- 
tropylium bromide gave a yellow picrate (prisms), m. p. 135—-137° (decomp.), which decomposed 
in warm water, aqueous picric acid, or ethanol (Found: C, 45-7; H, 2-8; N, 11-1. 
C,4H,O,N;,4H,O requires C, 45:3; H, 2-7; N, 11-3%). 
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490. Periodate Oxidation. Part I. Structure and Some Reactions 
of Periodate-oxidised Methyl 4 : 6-O-Benzylidene-«-D-glucoside. 


By R. D. GUTHRIE and JOHN HONEYMAN. 


The product from the periodate oxidation of methyl 4 : 6-O-benzylidene- 
«-D-glucoside has been shown to exist in the hemialdal form (V), and this 
structure and its formation are discussed. In water an equilibrium exists 
between the open-chain dialdehyde (III) and the hemialdal form; in 
alcohols equilibria exist between the dialdehyde (III) and the hemialdal 
mono-O-alkyl derivatives (e.g., VIII). Reaction of pertodate-oxidised 
methyl 4: 6-O-benzylidene-«-p-glucoside with phenylhydrazine yields a 
1-oxa-4 : 5-diazacyclooctane derivative (XI or XII). 


Tue “ dialdehydes ” from periodate oxidation fall into two classes: those with no alcoholic 
group in the molecule, ¢.g., (I) from methyl «-D-rhamnoside, and those having a free 
hydroxyl group which may allow the formation of cyclic hemiacetals, e.g., (II) from methyl 
«-D-glucoside.1_ The present paper concerns the dialdehyde (III) which is best prepared 


1 Cadotte, Dutton, Goldstein, Lewis, Smith, and Van Cleve, J. Amer. Chem. Soc., 1957, 79, 691. 
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from methyl 4: 6-O- ear panei D-glucoside although other sources include the corre- 
sponding D-mannoside ? and the 3-amino-3- “deoxy- a-D-altroside.? 

This crystalline periodate-oxidation product has been shown to have the composition 
of a “ dialdehyde dihydrate.” ** Rowen, Reeves, and Forziatti,s who found that the 
infrared spectrum had no carbonyl, but strong hydroxyl, absorption bands, suggested 
that the compound was the dihydrated dialdehyde (IV). We have now confirmed the 
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elementary analysis and infrared spectrum but conclude that a more likely structure is 
that of a hemialdal * hydrate (V) with only one of the molecules of water covalently bound 
in the molecule. This was based in part on the many cases in the literature of the isolation 
of “ dialdehyde monohydrates ”’ from compounds of this class.5*? It is also significant that 
the product (VI) from methyl 4 : 6-O-ethylidene-«-p-glucoside, obtained as a crystalline 
“‘ dialdehyde monohydrate,” also had hydroxyl, but no carbonyl, infrared absorption. 
Both these compounds reduced Fehling’s solution, but did not restore the colour to Schiff’s 
reagent, behaviour consistent with the presence of the -O-CH(OH)- group; in this respect 
the compounds resemble reducing sugars. The product from methyl 4 : 6-O-benzylidene- 
a-D-glucoside showed the complex mutarotation in pyridine expected for a compound of 
the type illustrated. The hemialdal hydrate is insoluble in most common organic 
solvents, but is readily soluble in pyridine, dimethyl sulphoxide, and NN-dimethyl- 
formamide. 

Structures (V) and (VI) are similar to those suggested by other workers }*® for 
analogous periodate oxidation products. 

Recrystallisation of the hemialdal hydrate (V) from nitromethane gave a product 
whose analysis corresponded to the hemialdal and whose infrared spectrum had hydroxyl 
but no carbonyl absorption. ‘The spectrum of the hydrate has a small absorption in the 

* By “ hemialdal ” we denote a compound containing the group -CH(OH)-O-CH(OH)- (cf. Barry 
and Mitchell, J., 1953, 3631). 


2? Honeyman and Shaw, J., 1959, 2454. 

3 Rowen, Reeves, and Forziatti, J]. Amer. Chem. Soc., 1951, 78, 4484. 

* Baddiley, Buchanan, and Szabo, J., 1954, 3826. 

5 Jackson and Hudson, J. Amer. Chem. Soc., 1937, 59, 994; Maclay, Hann, and Hudson, ibid., 
1939, 61, 1660. 

® Carter, Clark, Dickson, Loo, Skell, and Strong, Science, 1946, 108, 540. 

7 Garcia Gonzalez, Aparicio, and Roncero, Anales real Soc. espan. Fis. Quim., 1948, 44, B, 243; 
Garcia Gonzalez, Aparicio, and Rizo, ibid., 1956, 52, B, 717; Schreier, Stohl, and Hardegger, Helv. Chim. 
Acta, 1954, 37, 574. 

® Goldstein, Lewis, and Smith, J]. Amer. Chem. Soc., 1958, 80, 939. 
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region 1640—1610 cm.+, usually assigned to water of crystallisation, whereas the anhydrous 
hemialdal has not. The hemialdal showed complex mutarotation in pyridine. Smith 
and his co-workers ® have also prepared the anhydrous hemialdal but by different methods. 

Acetylation or benzoylation of the hemialdal or its hydrate gave a crystalline diester 
(VII; R = Acor Bz), which had no aldehydic carbonyl absorption in the infrared spectrum. 
Methylation or propylation by Purdie’s method gave the corresponding crystalline hemialdal 
diglycosides (VII; R = Me or m-Pr). Formation of these derivatives is good evidence 
that structure (V) is correct for the “‘ dialdehyde dihydrate.” The same conclusion was 
reached independently by Smith and his co-workers who prepared a di-p-nitrobenzoate 
of the hemialdal as well as the fully methylated derivative (VII; R = Me), with physical 
constants in agreement with those of the sample we obtained. 

An attempt was made to prepare sulphonates of the hemialdal, but only unchanged 
compound was isolated on pouring the product into water. The action of sulphonyl 
chlorides on sugar derivatives with a free reducing centre can lead to the formation of the 
corresponding chloride !* which can be hydrolysed by pouring the reaction solution into 
water. 

Neither the conformation of the seven-membered ring nor the position of the two 
hydroxyl groups with respect to the ring is known; if it is assumed that the dialdehyde 
is formed first and that hemialdal formation then occurs, the bulkier hydroxyl groups will 
take up positions in the plane of the ring, with the hydrogen atoms “‘axial’’. Smith has 
suggested that periodate oxidation of methyl «-L-rhamnoside gives a product which has a 
six-membered ring and will have the hydroxyl groups of the hemialdal group equatorial.® 

When the hemialdal or its hydrate was boiled with methanol, and the resulting solution 
concentrated and cooled, a new white crystalline compound was obtained. The infrared 
spectrum had a single absorption in the hydroxyl region, and none in the carbonyl region. 
This compound is one of the eight possible hemialdal monomethyl glycosides (VIII), with 
a methoxyl group on Cy), as shown, or on C,).38 
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Reaction of the hemialdal hydrate with ethyl, propyl, or benzyl alcohol yielded the 
corresponding crystalline hemialdal monoglycoside, all of which gave the hemialdal hydrate 
on recrystallisation from water. The hemialdal monobenzyl glycoside could be recrystal- 
lised unchanged from ethanol. . The mother liquor from preparation of the monobenzyl 
glycoside gave a very small amount of a second monobenzyl glycoside. 

Hemialdal formation from similar dialdehydes has been postulated by several groups 
of workers,!7--14 but no mechanism of formation has been suggested except by Aparicio 
and Molini, published during our studies, for the products from the oxidation of various 
2-(1 : 4-anhydrotetrahydroxybutyl)furan derivatives. 

The most probable mechanism for formation of the hemialdal group is by hydration 
of one aldehyde group followed by a normal lactol ring closure between one of the hydroxyl 
groups so formed and the other aldehyde group, as shown. Such a system allows for 
equilibrium between the true dialdehyde and the hemialdal form ‘in solution. This has 
been extended to include the formation of the hemialdal monoglycosides by the reaction 
of the hemialdal with alcohols.4* Hemiacetal formation could occur on one aldehyde 

® Goldstein, Lewis, and Smith, Chem. and Ind., 1958, 595. 

10 Idem, American Chemical Society, Abstracts of Meeting, September, 1957. 

11 Smith, personal communication. 

12 Tipson, Adv. Carbohydrate Chem., 1953, 8, 125. 

13 Guthrie and Honeyman, Chem. and Ind., 1958, 388. 


14 Barry and Mitchell, J., 1953, 3631. 
15 Aparicio and Molini, Anales real Soc. espan. Fis. Quim., 1956, 52, B, 723. 
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group, followed by ring closure, as above, to give the eight isomeric monoglycosides. 
These equilibria explain the fact that crystallisation of the hemialdal monoglycosides 
from water yielded the hemialdal hydrate, whereas the hemialdal dimethyl glycoside 
(VII; R = Me), with which no such equilibrium is possible, is unaffected by boiling water. 
The compounds can be recrystallised from a different alcohol from that from which they were 
prepared without removal of the alkoxy-group or its replacement by the alkoxy-group of 


== \ == . ,————_— \ 
OHC CHO JH CHO \¢-0 ¢ OHC CH 
HO’ “OH H,OH H,OH HO’ ‘OH 


the new alcohol. For example, the hemialdal monobenzyl glycoside can be recrystallised 
from ethanol. Smith assumed that this meant that the alcohol bound into the hemialdal 
monoglycoside was ‘“‘ an integral part of the molecule.” ® It has been shown, however, 
that boiling the hemialdal monobenzyl glycoside under reflux with methanol for 30 min. 
gave the monomethyl glycoside, and boiling this under reflux for 30 min. with benzyl 
alcohol gave the hemialdal monobenzyl glycoside. The reaction sequence shown below 
was therefore established, which is good evidence for the existence of equilibria. 

It is expected that the reactions of the hemialdal in solution will bear out these 
equilibria, derivatives of the hemialdal and the free dialdehyde being formed in different 
reactions, by analogy with reducing sugars. 

As already mentioned the product of periodate oxidation of methyl 4 : 6-O-ethylidene- 
a-D-glucoside has the composition of a “‘ dialdehyde monohydrate,” showing hydroxyl 
but not carbonyl absorption in the infrared spectrum. Formation of a tri-O-methyl 
derivative with Purdie’s reagents confirmed that this compound has structure (VI). 

The products of periodate oxidation of methyl 4 : 6-O-benzylidene-f-p-glucoside, and 
of methyl 4 : 6-O-benzylidene-f-D-galactoside were isolated as “‘ dialdehyde dihydrates,”’ 2 
showing hydroxyl but not carbonyl absorption in the infrared spectra. By analogy with 
the compound prepared above, structures (IX) and (X) are suggested. 
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These findings have been used to explain the anomalous reaction with methanol ! 
of oxycellulose prepared by use of nitrogen dioxide and oxycellulose prepared by use of 
periodate. 

The reaction of a hot aqueous solution of the hemialdal hydrate with phenylhydrazine 
or of the hemialdal monomethyl glycoside with phenylhydrazine in methanol gave a 
yellow crystalline product, C,95H,,O;N,, corresponding to reaction of one molecule of the 
free dialdehyde and one molecule of phenylhydrazine with the elimination of one molecule 
of water. The infrared spectrum had hydroxyl absorption and only weak absorption 
in the C=N region at about 6-2 u. The product, which did not form a formazan, reduced 
Fehling’s solution less rapidly than did D-mannose phenylhydrazone. Benzoylation 
or methylation of the product showed that it had one hydroxyl-group. The infrared 


16 Nevell, Chem. and Ind., 1958, 389. 
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spectra of both derivatives showed no NH or OH absorption and again there was weak 
absorption in the C=N region. 

Hydrolysis of the phenylhydrazine derivative with aqueous ethanolic acetic acid in 
the presence of phenylhydrazine gave a good yield of glyoxal bisphenylhydrazone, which 
was also obtained directly from the hemialdal hydrate under the same conditions. 
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Structures (XI) and (XII) are consistent with the observed facts; both are derivatives 
of 1-oxa-4: 5-diazacyclooctane. The yellow colour is probably due to the C=N-N-Ph 
group in a ring. No eight-membered ring analogues were noted in the literature but the 
five-membered pyrazolines are well-known. 1-Phenyl-A*-pyrazolines are yellow,” and 
the product (XIII) from the acetylation of D-mannose phenylhydrazone which is believed 
to be a 1-phenyl-A?-pyrazoline is also orange-yellow.4® The latter compound did not 
form a formazan.’® 

The ultraviolet maxima of 1-phenyl-A?-pyrazolines ?” and of (XIII) are greater than 
those of the phenylhydrazine derivative and at slightly higher wavelengths; the increased 
ring size may cause the C=N-N-Ph chromophore to be less planar than in a five-membered 
ring, such as the 1-phenyl-A?-pyrazolines. A decrease in Amax, and in emax, due to steric 
effects have been observed.” The condensation of one molecule of a phenylhydrazine 
with each “ dialdehyde” unit of an oxycarbohydrate has been reported on several 
occasions,2!~*4 but no detailed study has been made of the structures of these products. 
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Mester and Moczar “ have stated with no detail, “‘ . . . periodate-oxidised methyl 4 : 6-O- 


benzylidene-«-p-glucoside . . . in which there is no possibility of cyclic hemiacetal formation 
will not yield formazan (after reaction with phenylhydrazine).,...This observation 
permits a ‘hemialdal’ structure for this compound.” The structure suggested is 


17 Duffin and Kendall, J., 1954, 408. 

18 Wolfrom and Blair, J. Amer. Chem. Soc., 1946, 68, 2110; 1947, 69, 3153. 

1® Mester and Major, ibid., 1955, '77, 4297. 

20 Braude, Jones, Koch, Richardson, Sondheimer, and Toogood, J., 1949, 1890; Huisgen e¢ al., 
Annalen, 1954, 586, 1, 30; 1957, 610, 57. 

%1 Akiya, Okui, and Suzuki, J. Pharm. Soc. Japan, 1952, 72, 785, 891. 

#2 Barry and Mitchell, J., 1954, 4020. 

23 Mester, J. Amer. Chem. Soc., 1955, 77, 5452; Mester and Moczar, Chem. and Ind., 1957, 761. 

24 Mester and Moczar, ibid., p. 764. 
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presumably (XIV), which is ruled out by the present work for it contains two hydroxyl 
groups and has the composition C,,H,,O,N,. Structures similar to (XIV) were 
suggested by Barry * for the products of condensation of phenylhydrazine with some 
oxypolysaccarides. 

Nomenclature —These products of periodate oxidation cannot be named according to 
existing rules of carbohydrate nomenclature, and they are therefore described 
systematically as derivatives of trans-m-dioxano[5,4-e][1 : 4]-dioxepan (XV), where the 
prefix trans refers to the ring fusion. The stereochemistry of substituents in the dioxepan 
ring will be defined arbitrarily. C4) [C;,) in the original sugar] being used as reference (f). 
Such a system enables the same symbol to be retained for the original glycosidic centre, 
now numbered Cy). The stereochemistry at C,.), Ci), and Cy) is not specified; thus (IX) 
is 7 : 9-dihydroxy-68-methoxy-2-phenyl-trans-m-dioxano[5,4-e][1 : 4|-dioxepan hydrate. 


EXPERIMENTAL 


Light petroleum is the fraction, b. p. 60—80°. All solutions were concentrated in vacuo; 
those in chloroform or ether were previously dried with inorganic desiccants. Alumina was 
type H, 100/200 mesh, supplied by Peter Spence Ltd. The identity of compounds was proved 
where necessary by mixed m. p. determination and infrared spectrometry; all compounds had 
infrared spectra consistent with the assigned structures. 

7 : 9-Dihydroxy-6a-methoxy-2-phenyl-trans-m-dioxano[5,4-e][1 : 4]-dioxepan.—Methyl 4: 6- 
O-benzylidene-a«-p-glucoside was oxidised with sodium periodate in aqueous solution. The 
crystalline 7 : 9-dihydroxy-6«-methoxy-2-phenyl-tvans-m-dioxano[5,4-e][1 : 4]-dioxepan hydrate 
(V) was washed with water and light petroleum, and recrystallised from water, aqueous acetone, 
or aqueous NN-dimethylformamide to yield the hemialdal hydrate, m. p. 143—144° (yield 
65—80%) (Found: C, 53-0; H, 6-5. Calc. for C,,H,,0,,H,O: C, 53-2; H, 6:3%). The 
product reduced Fehling’s solution, did not restore the colour to Schiff’s reagent, and formed 
a grey precipitate with Tollens’s reagent. 

The product showed no absorption in the carbonyl region of the infrared spectrum, but had 
strong absorptions in the hydroxyl region at 3430 (shoulder), 3360, and 3260 cm.1, and a weak 
absorption at 1640—1610 cm.+, assigned to water of crystallisation. The mutarotation in 
pyridine was complex: [a],'’ +60-8° (8 min.) —» +64-0° (17 min.) —» +61-3° (100 min.) 
—> + 62-4° (17 hr., constant) (c 4-0). The water of crystallisation was not lost at 87°/0-2 mm. 
for 24 hr., and higher temperatures caused excessive charring. In a water determination 
(Karl Fischer), made in NN-dimethylformamide, the product behaved as a dialdehyde 
dihydrate (Found: H,O, 12-2. Calc. for C,4H,,0,,2H,O: H,O, 11-4%). 

Recrystallisation of the hemialdal hydrate (V) from nitromethane gave anhydrous 7 : 9-di- 
hydroxy-6a-methoxy-2-phenyl-trans-m-dioxano[5,4-e][1:4]-dioxepan, m. p. 144—145°, [a],38 
+ 62-5° (13 min.) —» + 64-0° (3 hr.) —+» + 63-0° (24 hr., constant) (c 4-0 in pyridine) (Found: 
C, 56-7; H, 5-9. C,,H,,O, requires C, 56-4; H, 6-1%). The infrared spectrum showed no 
absorption in the carbonyl region, but strong absorption in the hydroxyl region at 3410 and 
3270 cm.7. Crystallisation of the hemialdal from water yielded its hydrate. 

Esterification.—A solution of the hemialdal hydrate (V) (2 g.) in pyridine (20 ml.) and acetic 
anhydride (5 ml.) was kept at 0° for 17 hr. Pouring the product into ice-water gave a white 
precipitate (1-95 g., 81%). Two recrystallisations of the dried material from ethyl acetate- 
light petroleum and two from ethanol gave needles of 7 : 9-diacetoxy-6a-methoxy-2-phenyl- 
trans-m-dioxano[5,4-e][1 : 4]-dioxepan (VII; R = Ac), m. p. 177—179%, [aJ,,2° +84-7° (c 1-81 in 
chloroform) (Found: C, 56-5; H, 5-8; OMe, 9-3. C,,H,.O, requires C, 56-5; H, 5-8; 
OMe, 8-1%). 

A solution of benzoyl chloride (3 ml.) in pyridine (5 ml.) was added dropwise to one of the 
hemialdal hydrate (V) (2 g.) in pyridine (15 ml.) at 0°. Excess of benzoyl chloride was decom- 
posed with water after 30 min., and after a further 15 min. the reaction solution was poured into 
ice-water. The precipitate was washed with water and dried. Four crystallisations from 
ethanol gave needles of 7: 9-dibenzoyloxy-6a-methoxy-2-phenyl-trans-m-dioxano[5,4-e][1 : 4]- 
dioxepan (VII; R = Bz), m. p. 177—178°, {aJ,, +5-9° (c 1-77 in chloroform) (Found: C, 66-0; 
H, 5-4. C,gH,,O, requires C, 66-4; H, 5-2%). 
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The same products were obtained by esterification of the anhydrous hemialdal. 

Etherification.—After dry silver oxide (2 g.) had been added gradually (1-5 hr.) to a suspen- 
sion of the hemialdal hydrate (V) (0-6 g.) in boiling methyl iodide (10 ml.), the mixture was 
boiled under reflux for a further 13 hr. Silver compounds were removed, the solvent was 
evaporated, and the residue was crystallised from ethanol (0-5 g., 76%) and then thrice from 
methanol, giving 6a : 7 : 9-trimethoxy-2-phenyl-trans-m-diovano[5,4-e][1 : 4]-dioxepan (VII; R = 
Me), m. p. 194° (sublimed), {«J,,*” + 117° (c 0-71 in chloroform), {aJ,,%* +-60-7° (c 0-56 in pyridine), 
[ac],,2® + 104° (c 0-2 in methanol) (Found: C, 59-1; H, 7-0; OMe, 26-4%; M, 338 (ebullioscopic 
in benzene). C,,H,,O, requires C, 58-9; H, 6-8; OMe, 28-5%; M, 326]. The product did not 
reduce Tollens’s reagent or Fehling’s solution, and was unchanged (95%) after 15 min. in boiling 
water. Smith ™ reported m. p. 191°, [a], +60-0° (in pyridine). 

The same product was obtained on methylation of the hemialdal. 

Silver oxide (3 g.) was added in portions during 1-5 hr. to a suspension of the hemialdal 
hydrate (V) (1 g.) in boiling m-propyl iodide (5 ml.) and chloroform (8 ml.); boiling under reflux 
was continued for a further 24 hr. Filtration, concentration and crystallisation from light 
petroleum (0-6 g., 48%) and then from u-heptane gave 6a-methoxy-2-phenyl-7 : 9-di-n-propoxy- 
trans-m-dioxano[5,4-e][{1 : 4]-dioxepan (VII; R=n-Pr), m. p. 139-5—141°, [a],"* +35-3° 
(c 1-02 in pyridine) (Found: C, 62-7; H, 7-8. Cy 9H39O, requires C, 62-8; H, 7-9%). 

Reaction of the Hemialdal with Alcohols.—The hemialdal hydrate (V) (2 g.) was boiled under 
reflux with methanol (50 ml.) until solution was complete. The solution was concentrated to 
about 4 ml. and stored at 0°; 7-(or 9)-hydroxy-6« : 9(or 7)-dimethoxy-2-phenyl-trans-m-dioxano- 
[5,4-e][1 : 4]-dioxepan (VIII) was then deposited (1-36 g.), m. p. 145—146°, [a],,!” + 79-3° (6 min.) 
— > +84-6° (23 hr., constant) (c 3-27 in pyridine) (Found: C, 57-8; H, 6-4; OMe, 19-9. 
C,;H..O, requires C, 57-7; H, 6-5; OMe, 19-8%). The product reduced Fehling’s solution and 
could be recrystallised unchanged from ethanol-light petroleum, but was converted by boiling 
water into the hemialdal hydrate. 

The same product was obtained from the hemialdal and methanol. 

Methylation gave 6a:7: 9-trimethoxy-2-phenyl-trans-m-dioxano[5,4-e][1 : 4]-dioxepan 
(as VII), m. p. 193°. 

Acetylation of the di-O-methyl compound (VIII) gave, after two recrystallisations from 
ethanol, the 7(or 9)-acetoxy-6« : 9(or 7)-dimethoxy-2-phenyl-trans-m-dioxano[5,4-e][1 : 4]-dioxepan, 
as needles, m. p. 204° (sublimed), [a], + 74-0° (c 0-3 in chloroform) (Found: C, 57-5; H, 6-4; 
OMe, 19-1. C,,H,.O, requires C, 57-6; H, 6-2; OMe, 17-5%). 

Reaction of the hemialdal hydrate (V) with ethanol, as for methanol, yielded 7(or 9)- 
ethoxy-9(or 7)-hydroxy-6a-methoxy-2-phenyl-trans-m-dioxano[5,4-e][1 : 4]-diovepan, m. p. 144— 
145° (Found: C, 59-1; H, 6-1. C,g,H,.O, requires C, 58-9; H, 6-8%). The product was also 
obtained by repeated recrystallisation of the hemialdal hydrate from mixtures of ethanol with 
light petroleum, NN-dimethylformamide, or dimethyl sulphoxide. Recrystallisation of the 
product from water gave the hemialdal hydrate. 

Reaction of the hemialdal hydrate (V) with n-propanol in the same way yielded 7(or 9)- 
hydvroxy-6a-methoxy-2-phenyl-9(or 7)-propoxy-trans-m-dioxano[5,4-e][1 : 4]-dioxepan, m. p. 139— 
142° (Found: C, 59-5; H, 7-1. C,,H.,O, requires C, 60-0; H, 7-1%). The product, which 
reduced Fehling’s solution, gave the hemialdal hydrate on recrystallisation from water. 

The hemialdal hydrate (V) (2 g.) was boiled under reflux in benzyl alcohol (40 ml.) and 
n-heptane (10 ml.) for 30 min. The solution was cooled, diluted with ether (200 ml.), and 
stored at —20° overnight to give 7(or 9)-benzyloxy-9(or 7)-hydroxy-6a-methoxy-2-phenyl-trans-m- 
dioxano[5,4-e][1 : 4]-dioxepan as needles (from ethanol), m. p. 163—165°, [aJ,,!7 —2-3° (10 min.) 
— > —9-0° (24 hr.) (c 1-8 in pyridine) (Found: C, 64-7; H, 6-5. C,,H,,O, requires C, 64-9; 
H, 6-2%). The product could be recrystallised unchanged from methanol or ethanol, but 
boiling under reflux with methanol for 30 min., followed by concentration gave the hemialdal 
monomethyl glycoside. Similarly the monobenzyl glycoside could be prepared by boiling 
the monomethyl glycoside under reflux with benzyl alcohol. Recrystallisation from water 
gave the hemialdal hydrate. 

Acetylation of the product gave, after two recrystallisations from ethanol-n-heptane, 
Q(or 7)-acetoxy-7T(or  9)-benzyloxy-6a-methoxy-2-phenyl-trans-m-dioxano[5,4-e][1 : 4]-dioxepan, 
m. p. 174—175°, [a],,2* +38-6° (c 1-6 in chloroform) (Found: C, 64-3; H, 6-3. C,3H,,.O, requires 
C, 64:2; H, 61%). 

Concentration of the mother liquor from the preparation of the monobenzy] glycoside, and 
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storage at 0° for several days gave a very small amount of 9(or 7)-benzyloxy-7(or 9)-hydroxy-6a- 
methoxy-2-phenyl-trans-m-dioxano[5,4-e][1 : 4]-dioxepan, m. p. 161—163°, [oJ,,24 +28-3° (c 1-29 
in pyridine), also shown to be different from the above isomer by infrared spectrometry (Found: 
C, 64-6; H, 61%). 

Reaction with Phenylhydrazine.—The hemialdal hydrate (V) (2 g.) was boiled under reflux 
with aqueous acetic acid (10%; 20 ml.) and ethanol (35 ml.) containing phenylhydrazine 
(4-5 ml.) for 1-5 hr. The yellow solid which separated when the solution was cooled in ice was 
recrystallised from aqueous ethanol, yielding pale yellow plates of glyoxal bisphenylhydrazone 
(1-05 g., 70%), m. p. 165—166° (decomp.). 

Phenylhydrazine (1 ml.) was added to a solution of the hemialdal hydrate (V) (2 g.) in water 
(500 ml.) at about 80°. Rapid cooling and shaking precipitated a yellow solid (1-8 g., 75%), 
m. p. 142—156°, which was washed with water and dried in vacuo (P,O,). Chromatography 
of this material on alumina, elution with benzene, and recrystallisation twice from n-heptane 
yielded the 1-ova-4 : 5-diazacyclooctane derivative (XI or XII), m. p. 182—183°, [a], +8-6° 
(c 1-81 in chloroform) (Found: C, 64:8; H, 6-0; N, 7-1. C,9H,.O;N, requires C, 64-9; H, 6-0; 
N, 76%). The product reduced Fehling’s solution and did not form a formazan when a solution 
in ethanol—pyridine was added to an aqueous benzenediazonium chloride solution. The product 
had the absorption expected for OH or NH groups and a weak absorption at 1610 cm.4; the 
ultraviolet spectrum had Ama, 266 my, Emax 9640, in ethanol. 

The same product was obtained by adding phenylhydrazine hydrochloride and excess of 
sodium acetate to a hot solution of the hemialdal hydrate (V) in water. It alsa resulted from 
heating the hemialdal monomethy] glycoside (VIII) with phenylhydrazine in refluxing methanol, 
concentrating the solution, and chromatographing the residue. Hydrolysis of the solid in the 
presence of phenylhydrazine, using the method above, yielded, after two recrystallisations from 
aqueous ethanol, glyoxal bisphenylhydrazone (74%), m. p. 162—164° (decomp.). 

Benzoyl chloride (1 ml.) in pyridine (2 ml.) was added to a solution of the phenylhydrazine 
derivative (XI or XII) (1-5 g.) in pyridine (30 ml.) at 0°, and the mixture kept at 0° for 20 min. 
Water was then added, and after a further 10 min. the solution was poured into water. Chloro- 
form extraction, concentration, and crystallisation from aqueous ethanol gave pale yellow 
needles (0-55 g., 45%) of the benzoate of the l-oxa-4: 5-diazacyclooctane derivative, m. p. 
123—124°, [a],,72 + 158° (c 1-2 in chloroform) (Found: C, 68-8; H, 5-7; N, 5-6; Bz, 23-3, 22-1. 
C.,H,,O,N, requires C, 68-3; H, 5-5; N, 5-9; Bz, 22-2%). The product did not form a formazan, 
and the infrared spectrum had absorption expected for an ester but no absorption typical of 
OH and NH groups, and also weak absorptions at 1602 and 1500 cm.?}. The ultraviolet 
spectrum had Anax 230 and 270 my (e 18,820 and 17,250 respectively) in ethanol. 

Methylation of the phenylhydrazine derivative (XI or XII) with Purdie’s reagents for 15 hr. 
gave, on removal of the silver compounds, concentration of the filtrate, and two crystallisations 
from aqueous ethanol, a small amount of the methylated derivative, m. p. 118—121° (Found: 
OMe, 15-0. C,,H,,0;N, requires OMe, 16-1%). The infrared spectrum showed no absorption 
due to OH or NH groups and had a weak absorption at 1610 cm.*}. 

7 : 9-Dihydroxy-6a-methoxy-2-methyl-trans-m-dioxano[5,4-e][1 : 4]-dioxepan (V1).—This com- 
pound, prepared by the oxidation of methyl 4 : 6-O-ethylidene-«-p-glucoside, had m. p. 130— 
131°, {a],2° +8-8° (in water), {a],3* +97-6° (20 min.) —» +91-0 (24 hr.) (c 2-72 in pyridine). 

It (0-5 g.) was methylated with Purdie’s reagents during 17 hr. Removal of the silver 
compounds, concentration of the filtrate, and two crystallisations from light petroleum 
containing one drop of ethanol gave the 6a: 7 : 9-trimethoxy-2-methyl-trans-m-dioxano[5,4-e]- 
[1 : 4]-dioxepan, m. p. 178°, [a],,2* +85-8° (c 0-17 in pyridine) (Found: C, 50-4; H, 7-9; OMe, 
34-4. C,,H,.O, requires C, 50-0; H, 7-6; OMe, 35:3%). The infrared spectrum had no 
hydroxyl or carbonyl absorption. 


The authors thank the Department of Scientific and Industrial Research for a maintenance 
award to R. D.G. 
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491. Periodate Oxidation. Part II. The Action of Amines on the 
Product of Periodate Oxidation of Methyl 4 : 6-O-Benzylidene-a-p- 
glucoside. 


By R. D. GuTHRIE, JOHN HONEYMAN, and MARGARET A. PARSONS. 


The action of some amines on the product of periodate oxidation of 
methyl 4 : 6-O-benzylidene-a«-p-glucoside has led to the isolation of derivatives 
either of the open-chain dialdeliyde (I) or of the hemialdal form (II). This 
result provides further evidence for the suggested +? equilibria of this 
compound. 


In solutions of the product of periodate oxidation of methyl 4 : 6-O-benzylidene-«-p- 


glucoside an equilibrium is considered to exist between the open-chain dialdehyde (I) and 
the hemialdal form (II).»? 


O-CH2 O-CH, 
/ . / ¥, 
H,O 
PhCH , — Ph+CH_ ‘ 
+o OMe O\ ,O, /OMe 
OHC CHO HC” ~CH 
HO OH (In) 
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.. O-CH O-CH O-CH 
/ 2 / 2 Oo / 2 fe) 
Ph: CH Ph-CH \ h:CH ‘ 
~X\ LO. /OMe as OMe ~~ OMe 
HC” ~CH HC CH HC CH 
R'HN NHR! R7O-N _N-OR? CyHi"N  NeCeHy, 
(IT1) (V) (VI) 


The product of periodate oxidation of methyl 4: 6-O-benzylidene-«-p-glucoside, 
isolated as the hemialdal monohydrate, is found to react readily, under mild conditions, 
with several amines; with aniline, o-toluidine, #-xylidine, or benzylamine condensation 
occurs giving cyclic derivatives (III), analogous to the N-substituted aldosylamines 
obtained similarly from aldoses. Compound (III; R! = Ph) is also obtained by treating 
7(or 9)-hydroxy-6«:9(or 7)-dimethoxy-2-phenyl-tvans-m-dioxano[5,4-e][1 : 4]-dioxepan ! 
(IV) with aniline; therefore (III; R* = Ph) is probably formed via the dialdehyde (I) 
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present in the equilibrium mixture from both (II) and (IV), as shown. The melting 
points of these cyclic derivatives varied with the rate of heating and the melting was 
generally preceded or accompanied by browning and decomposition; in this respect they 
resemble N-glycosylamines.* 


1 Part I, preceding paper. 
* Guthrie and Honeyman, Chem. and Ind., 1958, 388. 
3 Ellis and Honeyman, Adv. Carbohydrate Chem., 1955, 10, 95. 
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Reaction of the hemialdal monohydrate with hydroxylamine and with cyclohexylamine 
yielded the dialdehyde dioxime (V; R* =H) and the dialdehyde bis-N-cyclohexyl- 
aldimine (VI), respectively. The latter compound was also obtained by reaction of the 
dioxanodioxepan (IV) with cyclohexylamine. The dioxime, which showed a weak 
complexing power towards copper and nickel, was further characterised as the bis-O- 
acetyloxime (V; R*= Ac) and the bis-O-methyloxime (V; R?®= Me). The isolation 
of these open-chain derivatives provides further support for the equilibrium suggested 
for the parent compound. 


EXPERIMENTAL 


Light petroleum is the fraction, b. p. 60—80°. All solutions were concentrated in vacuo; 
those in chloroform or ether were previously dried with inorganic desiccants. The identity 
of compounds was proved where necessary by mixed m. p. determination and infrared spectro- 
metry; all compounds had infrared spectra consistent with the assigned structures. 

Reaction of 7: 9-Dihydroxy-6a-methoxy-2-phenyl-trans-m -dioxano[5,4-e][1 : 4]-dioxepan 
Hydrate with Amines.—(a) With hydroxylamine. The hemialdal hydrate (2 g.), sodium acetate 
(2 g.), and hydroxylamine hydrochloride (1 g.) in water (150 ml.) were kept at about 70° for 
12 min. On cooling, a gel separated which was extracted with chloroform. Concentration 
of the extracts and two crystallisations from light petroleum gave (1-2 g., 59% after first 
crystallisation) 2 : 4-O-benzylidene-3-O-(b-1-methoxy-2-oxoethyl)-p-erythrose dioxime (V; R? = H) 
as needles, m. p. 99—101°, [{a],"* —11-9° (c 1-85 in chloroform) (Found: C, 54-0; H, 6-4; 
N, 9:2. (C,,H,,O,N, requires C, 54-2; H, 5-9; N, 9-0%). 

Acetylation of the dioxime with acetic anhydride in pyridine at 0° gave, after recrystal- 
lisations from aqueous ethanol, 2 : 4-O-benzylidene-3-O-(1-methoxy-2-oxoethyl)-p-erythrose bis-O- 
acetyloxime (V; R* = Ac), m. p. 122-5—124°, [a],*4 —22-8° (c 1-58 in chloroform) (Found: 
C, 55-0; H, 5:7; N, 7-0. C,,H,,.O,N, requires C, 54-8; H, 5-6; N, 7-1%). 

Methylation of the dioxime with Purdie’s reagents for 1 hr. gave, after recrystallisations 
from aqueous ethanol, needles of 2: 4-O-benzylidene-3-O-(1-methoxy-2-oxoethyl)-p-erythrose 
bis-O-methyloxime (V; R?® = Me) (58%), m. p. 112—113°, [oj,18 —15-9° (c 0-9 in chloroform) 
(Found: N, 7:9. C,gH. O,N, requires N, 8-3%). 

The addition of dilute aqueous cupric sulphate to a warm aqueous solution of the dioxime 
gave a clear solution, but the addition of one drop of ammonia solution produced a flocculent 
pale green precipitate, which on addition of more ammonia dissolved to give a dark-blue 
solution. Similar formation of a complex was observed with nickel nitrate. 

(b) With cyclohexylamine. The hemialdal hydrate (5 g.) was added to a boiling solution of 
cyclohexylamine (50 ml.) in water (450 ml.), boiling was continued for 2 min., and the mixture 
then cooled. The product was collected, washed with water, dried, and recrystallised from 
n-heptane, yielding needles (5 g., 72%), m. p. 119—122°. Further recrystallisations gave 
2 : 4-O-benzylidene-3-O-(1-methoxy-2-oxoethyl)-p-erythrose bis-N-cyclohexylaldimine (VI), m. p. 
115—117°, {oJ,”7 +11-0° (c 1-2 in chloroform), {«J,** —28-6° (c 0-5 in pyridine) (Found: C, 70-8; 
H, 8-6; N, 6-0. C,,H,,0,N, requires C, 70-6; H, 8-7; N, 6-3%). The same product was obtained 
by use of cyclohexylammonium chloride and sodium acetate, or when a solution of the 
hemialdal hydrate (1 g.) in cyclohexylamine (5 ml.) was heated at 95° for 15 min., cooled, and 
poured into ice—water (150 ml.). 

The hemialdal hydrate (1 g.) was dissolved in boiling methanol (25 ml.), and cyclohexylamine 
(2 ml.) was then added. After the solution had been boiled under reflux for a further 15 min. 
it was concentrated and cooled. The resulting solid, on recrystallisation from »-heptane, gave 
the bis-N-cyclohexylaldimine (VI), (1-1 g., 80%), m. p. 114—116°. 

(c) With o-toluidine. o-Toluidine (8-5 ml.) and the hemialdal hydrate (3 g.) were warmed 
at 98° for 15 min. Water (150 ml.) was added to the cooled solution followed by acetic acid 
(50 ml.). The solid was washed by decantation with saturated sodium hydrogen carbonate 
solution and with water; two crystallisations from acetone gave needles of 6a-methoxy-2- 
phenyl-7 : 9-di-o-toluidino-trans-m-dioxano[5,4-e][1 : 4]-dioxepan (III; R* = o-Me-C,H,), m. p. 
138—140° (decomp.), {«],24 +6-3° (¢ 0-5 in pyridine) (Found: C, 70-1; H, 6-4; N, 6-0. 
C.,H,,0;N, requires C, 70-6; H, 6-8; N, 5-9%). 

(ad) With p-xylidine. Reaction of p-xylidine (20 ml.) and the hemialdal hydrate (4-6 g.) by 
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method (c) gave needles of 6a-methoxy-2-phenyl-7 : 9-di-p-xylidino-trans-m-dioxano[5,4-e]- 
(1: 4]-dioxepan (III; R* = 2: 5-Me,C,H;) (5-9 g., 80%), m. p. 155—156° (decomp.), [aJ,,”" 
+108° (c 0-5 in pyridine) (Found: C, 71-4; H, 7-1; N, 5:3. Cy gH3;,0;N, requires C, 71-4; 
H, 7-2; N, 56%). 

(e) With aniline. Reaction of aniline (20 ml.) and the hemialdal hydrate (5 g.) by the 
same method gave needles of 7: 9-dianilino-6«-methoxy-2-phenyl-trans-m-dioxano[5,4-e]- 
[1 : 4]-dtoxvepan (III; R* = Ph) (5-2 g., 72%), m. p. 165—167° (decomp.), [a],,24 + 29-2° (c 0-5 
in pyridine) (Found: C, 69-5; H, 6:3; N, 6-2. C,,H,,0O;N, requires C, 69-6; H, 6-3; N, 6-3%). 
The product could also be recrystallised from aqueous NN-dimethylformamide. 

The hemialdal hydrate (1 g.) was added to a boiling solution of anilinium chloride (2-5 g.) 
and sodium acetate (5 g.) in water (100 ml.). Boiling was continued for 4 min. and the flocculent 
solid was collected and crystallised to yield the dianilino-derivative (56%), m. p. 162—165° 
(decomp.), also obtained by warming aniline with 7(or 9)-hydroxy-6« : 9(or 7)-dimethoxy-2- 
phenyl-tvans-m-dioxano[5,4-e][1 : 4]-dioxepan ! (IV) at 80°. It was also obtained by refluxing 
the hemialdal hydrate in methanol, and then adding aniline to the resulting dioxanodioxepan 
(IV), followed by concentration and chromatography of the product on alumina, elution with 
benzene, and crystallisation of the product from aqueous acetone. 

(f) With benzylamine. Reaction of the hemialdal hydrate and benzylamine by method (c) 
gave a pale yellow product which was washed with water and dried in vacuo (P,O;). The first 
crop of crystals obtained by triturating this product with light petroleum could not be 
recrystallised, but further crops were combined and recrystallised from light petroleum, giving 
needles of 7 : 9-bisbenzylamino-6a-methoxy-2-phenyl-trans-m-dioxano[5,4-e][1 : 4]-dioxepan (III; 
R! = PhCH,), m. p. 95—96°, [a],24 +35-4° (c 0-5 in pyridine) (Found: C, 70-5; H, 6-3; N, 5-9. 
C,,H;,0;N, requires C, 70-6; H, 6-8; N, 59%). This product was also obtained by treating 
the hemialdal hydrate with aqueous benzylamine under-the conditions described in (bd). 
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492. Pericdate Oxidation. Part III.* The Mechanism of 
Oxidation of Cyclic Glycols. 
By JoHN HoNnEyMAN and C., J. G. SHAw. 


The kinetics of the periodate oxidation of methyl 4 : 6-O-ethylidene-a-p- 
glucoside and the -«-p-mannoside have been studied in aqueous solution at 
several values of pH and temperature. The reaction appears to proceed 
through an intermediate cyclic complex, the formation of which is rate- 
determining. 


In a study of the periodate oxidation of ethylene glycol, Duke 1 found the equation k’ = 
A[G]/(1+B[G]) to be obeyed, where #’ is the first-order rate constant with respect to 
periodate, [G] is the concentration of glycol, and A and B are constants. This was 
explained in terms of a rapid reversible formation from glycol and periodate of an inter- 
mediate complex which slowly decomposed: : 


K k 
(CH,°OH), + periodate =—= intermediate —— products 
Siow 


This requires 1/k’ = (1/kK[G]) + 1/k, where & is the first-order rate constant for the 
decomposition of the intermediate, and K is the equilibrium constant for its formation. 


* Part II, preceding paper. 
1 Duke, J. Amer. Chem. Soc., 1947, 69, 3054. 
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From a plot of 1/k’ against 1/[G], k and K were calculated. We have extended this type 
of analysis to methyl 4: 6-O-ethylidene-«-D-glucoside and the -«-p-mannoside. The 
results suggest that the reactions of these compounds with periodate follow a different 
course from the oxidation of acyclic glycols..* With a large excess of methyl 4: 6-0- 
ethylidene-a-D-glucoside at pH 4-06 and 25°, the reaction was of first-order with respect 
to periodate, and the reciprocal plot of 1/k’ against 1/[G],, was a straight line passing 
through the origin ([G],, is the concentration of glucoside at the end of the reaction). 
For the same compound at pH 4-06 and 0°, the first-order graphs showed a small non-linear 
reduction in periodate concentration at the beginning of the reaction, followed by a straight- 
line relation. From the first-order rate constants calculated from the slopes of the linear 
sections of the graphs, the plot of 1/k’ against 1/[G],, was again a straight line through the 
origin (Fig. 1). The oxidations of methyl 4 : 6-O-ethylidene-«-p-mannoside at pH 4-06 
and 25° and 0° were similar, with the initial non-linear parts of the graphs more pronounced 














at 0°. At both temperatures the reciprocal plots were straight lines passing through the 
Fic. 1. Plots of 1/k’ against 1/[G],, for Fic. 2. Plots of 1/k’ against 1/[G],, for 
methyl 4: 6-O-ethylidene-a-D-glucoside methyl 4 : 6-O-ethylidene-a-D-mannoside. 
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origin. For the same compound at pH 6-93 or 10-10 and 0°, initially-curved first-order 


rate curves were found, and the reciprocal plots were straight lines making very small 
intercepts on the 1/k’ axis (Fig. 2). Using Duke’s method of analysis, we calculated 
values for k of 7 x 107 and 9 x 107 sec.", and for K of 8 and 51. mole™, for pH 6-93 and 
10-10, respectively. These values can only be approximate, because of the small intercept 
involved. If a mechanism: 


periodate + glycol —» intermediate —» products 


is to account for the oxidation of the two methy] 4 : 6-O-ethylidene-«-p-glycosides discussed 
here, then the rate-determining step cannot be the decomposition of the intermediate, as 
for ethylene glycol. The best explanation of the observed kinetics would seem to be that 
the formation of the intermediate has become rate-determining or, less likely, the rates 
of formation and decomposition are of the same order. Confirmation of these theories is 


Duke and Bulgrin, J. Amer. Chem. Soc., 1954, 76, 3803. 

Taylor, ibid., 1953, 75, 3912. 

Buist and Bunton, /., 1954, 1406. 

Buist, Bunton, and Miles, J., 1957, 4567. 

Idem, J., 1957, 4575. 

Buist and Bunton, J., 1957, 4580. 

Zuman, Sicher, Krupitka, and Svoboda, Coll. Czech. Chem. Comm., 1958, 28, 1237. 
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difficult. Ultraviolet spectrophotometric measurements were made of the optical densities 
of solutions of periodate in the presence of glycols, but, because many of the reactions 
studied were complete only after several hours or days, considerable reduction of the 
optical density occurred owing to decomposition of periodate in ultraviolet light. Whilst 
this method is suitable for the quantitative study of fast periodate oxidations,® it is 
unreliable for the determination of the rate constants of these slower reactions. It was 
also difficult to interpret the change of pH occurring when the reactions were carried out 
in unbuffered solutions, since methyl 4 : 6-O-ethylidene-a-D-glucoside and -«-D-mannoside 
are not neutral but produce considerable pH change when added to aqueous solutions in 
the absence of periodate. If reactions of this type do occur via the formation of an inter- 
mediate, it is extremely likely that the intermediate would have an optical rotation 
different from that of either the reactant or the products. Jones ® followed the oxidation 
of methyl 4: 6-O-isopropylidene-«-D-glucoside polarimetrically and found a reduction 
in specific rotation for 65 minutes, followed by a slow increase to a constant value in 20 
hours, corresponding to a reduction of one mole of periodate per mole of glucoside. This 
can be explained in terms of the formation of an intermediate, followed by its decay to 
the products, but an equally effective explanation would be that the product mutarotated. 
Similar results have now been found by following the oxidation of methyl 4 : 6-O-benzyl- 
idene-«-D-guloside polarimetrically. 

Very little work has been reported on the mechanism of periodate oxidation of other 
cyclic glycols. Results, very similar to those found for methyl 4 : 6-O-ethylidene-a-p- 
glucoside, have been reported by Bulgrin 1" for cis- and trans-cyclopentane-l1 : 2-diol and 
some methyl homologues. In a study of the oxidation of cellulose by periodate, Nevell 1” 
found that the rate of consumption of periodate was relatively high at first, but then 
diminished and became almost constant; this effect was much greater at 0° than at 20°. 
Nevell suggested that the initial fast reaction might be identified with the formation of an 
intermediate complex, which then broke down into the oxidation products more slowly 
than it was formed. However, this oxidation is a heterogeneous reaction, and irrelevant 
to consideration of the present homogeneous reactions. 


EXPERIMENTAL 


Materials.—Sodium metaperiodate, NaIQ,, used in solutions of pH <7, was the B.D.H. 
“ Analytical Reagent,’”’ recrystallised from hot water. The salt, K,I,0,,9H,O, used for 
reactions above pH 7, was prepared by recrystallising potassium metaperiodate from hot 
concentrated aqueous potassium hydroxide, and then from water._ 

Methyl 4 : 6-O-ethylidene-a-p-glucoside, prepared from methyl «-p-glucopyranoside and 
1 : 1-dimethoxyethane,™ had m. p. 76—77°, [a], +111-3° (c 1-176 in water). Methyl 4: 6-O- 
ethylidene-«-p-mannoside was prepared from methyl «-p-mannopyranoside and paraldehyde.**® 
After four recrystallisations from carbon tetrachloride, the compound had m. p. 116-5—117-5°, 
{ai),,2® +76-5° (c 1-418 in chloroform). 

All experiments were carried out in aqueous buffer solutions of low ionic strength. The 
solutions used were sodium acetate and acetic acid with ionic strength 0-036 for pH 4-06, 
potassium dihydrogen phosphate and sodium hydroxide with ionic strength 0-05 for pH 6-93, 
and ammonium acetate and ammonia with ionic strength 0-02 for pH 10-10. Solutions more 
acid than pH 4 were not used, because they usually caused hydrolysis of groups attached to the 
sugars. The pH of each buffer solution was measured with a Cambridge pH meter, which was 
standardised against potassium hydrogen phthalate (0-05m), pH 4-01 at 0°, and sodium 
tetraborate (0-01m), pH 9-46 at 0°. 

® Jones, Canad. J. Chem., 1956, 34, 840. 

10 Bulgrin, J. Phys. Chem., 1957, 61, 702. 

11 Bulgrin and Dahlgren, J. Amer. Chem. Soc., 1958, 80, 3883. 

12 Nevell, Shirley Inst. Mem., 1957, 30, 35. 

13 Honeyman and Stening, J., 1957, 3316. 

14 Honeyman and Morgan, J., 1954, 744. 

18 Aspinall and Zweifel, J., 1957, 2271. 
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Kinetic Measurements.—Various known amounts of each glycol, sufficient to give solutions 
ranging from approximately 0-5m to 0-005m, were used with the appropriate buffer and enough 
periodate to give an approximately 0-001m-solution. A solution prepared in exactly the same 
manner, containing all the reagents but omitting the compound to be oxidised, served as blank. 
At suitable times, samples of the reaction solution and the blank were withdrawn and analysed 
for periodate by Miiller and Friedberger’s method.1® The samples were pipetted into saturated 
aqueous sodium hydrogen carbonate (ca. 10 ml.) containing potassium iodide (ca. 1 g.). The 
mixture was left for about 15 min. in the dark before the free icdine was titrated with standard 
sodium arsenite solution (0-00125—0-01N), sodium starch glycollate indicator (2 ml. of 1% 
solution) being used. All reactions were carried out in the dark.” 

A typical example shows the first-order rate constants, k’, for methyl 4 : 6-O-ethylidene-«-p- 
glucoside at pH 4-06, ionic strength 0-036, temperature 0°, and initial concentration of periodate, 
[Periodate]), 0-0009085m. 


Ca) a eee 0-1951 0-09718 0-01868 0008146  0-005663 
Be BEIT cscecicccoccceiess 5-125 10-29 53-53 122-8 176-6 

4d > eae 22-05 9-867 1-955 0-8527 0-5971 
| g ena 4-535 10-13 51-15 117-3 167-5 


In this case the plot of 1/k’ against 1/[G],, is a straight line through the origin. 
The authors thank the Department of Scientific and Industrial Research for the award of a 
Maintenance Allowance to C. J. G.S. 
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493. Periodate Oxidation. Part IV.* The Effect of Conformation of 
Cyclic Glycols on the Rate of Periodate Oxidation.t 


By JoHN HonryMaAN and C. J. G. SHaw. 


The kinetics of oxidation by periodate of a number of cyclic a-glycols 
have been studied, mostly in aqueous solution at pH 4:06 and 25°. The 
relative rates of oxidation have been correlated with the strain associated 
with the formation of a cyclic complex in which the C—O bonds of the glycols 
are rotated to become more nearly coplanar. The effects of neighbouring 
groups and of the conformation of the glycols on the rate of oxidation are 
discussed. The two axial hydroxyl groups present in methyl 4: 6-0- 
benzylidene-a«-p-altroside fail to undergo oxidation. The results have further 
been correlated with formation of cuprammonium complex. Attention is 
drawn to the considerable lowering in the rate of periodate oxidations carried 
out in aqueous alcoholic media. 

A number of the “ dialdehydes ” formed on periodate oxidation have 
been isolated and identified. 


For a study of the effect of conformation of cyclic glycols on the rate of periodate oxidation, 
second-order rate constants in aqueous buffer solutions at pH 4-06 and 25° were determined 
for a number of compounds. In order to standardise conditions the same concentration of 
reactants was used in as many experiments as possible. Unfortunately, in three cases 
aqueous alcoholic solutions had to be used since the compounds were not sufficiently 
soluble in water. In order that there should be only one site of oxidation, all the com- 
pounds had one «-glycol group, which was usually in a pyranoside ring of known 
conformation. 


* Part III, preceding paper. 
+ A summary of this paper was presented at the New York meeting of the American Chemical 
Society, September, 1957. 
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Second-order rate constants were determined for ten of the possible isomeric methyl 
4 : 6-O-benzylidene-D-aldohexosides. The relative rates are demonstrated in Figs. 1 
and 2. Because the benzylidene group in the anomeric altroside derivatives was unusually 
sensitive to acid hydrolysis, the second-order rate constants for these compounds were 
determined at pH 6-93 and 10-10. 

The most stable conformation of the anomeric methyl 4: 6-O-benzylidene-«-p- 
glycosides of allose, altrose, glucose, and mannose is the Cl chair form. Because there 
is a ¢rans-junction between the two rings in each of these compounds this is the only 
possible chair conformation. Now, for periodate oxidation of the hydroxyl groups 
attached to Cy) and Cy, of the above compounds to occur, an intermediate cyclic complex 
must probably be formed in which the C-O bonds of the two hydroxyl groups are rotated 
to a greater degree of coplanarity. The ease with which this complex is formed, and 


Fics. 1 and 2, Oxidation of methyl 4 : 6-O-benzylidene-D-glycosides at pH 4:06 and 25°. 
Fic. 1. 
? Fic. 2. 








/ 
° 14 


T 
——2-————o— 


+ 


0-9 


| / 12} 





























| 
| 
x 0-8 F 10 e 
| p *x Pt 
is / 
/ i 
0-7 n 
/ oa je gg 
as - a" 
0-64 —. —2~—+—* 0-64 os R 
oO 200 Joo 
1 —— 4 . > 
ro) 8 16 24 Time (min) 
Time (hr) © «-Guloside. 1 B-Guloside. 
O a-Glucoside. @ f-Glucoside. A Saeeomelie” e-Galactoside. 
C] a-Mannoside. A «-Altroside. = ee 
A p-Altroside. 


X = 10g [(a — %)/(b — %)] 


hence the relative rate of periodate oxidation (assuming that formation of the complex 
is rate-determining), will thus depend on the arrangement in space of the two hydroxyl 
groups. The chair pyranoside ring will respond in different ways! to the two different 
types of distortion imposed upon it by bringing the e,a- or the e,e-hydroxyl groups at C;,) 
and C) of the mannoside or glucoside derivatives into more nearly coplanar positions. 
The distortion induced by forcing adjacent equatorial and axial substituents more nearly 
into the same plane will lead to a flattening of the ring and an increase in the valency 
angles; all the axial atoms or groups will move further away from one another. This 
movement will require little energy. On the other hand, forcing two equatorial bonds 
more nearly into the same plane will entail a reduction in the separation of the axial atoms 
or groups, and therefore will require much more energy. Thus, cyclisation to form a 
complex involving the equatorial—axial substituents should take place more easily than 
that involving two equatorial groups. Forcing two axial bonds more nearly into the 
same plane would involve an even greater amount of energy, the energy barrier might 
even be too great to allow a complex to be formed at all, as in the case of the altroside 


1 Hassel and Ottar, Acta Chem. Scand., 1947, 1, 929. 
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derivative. The mannose derivative, which has one hydroxyl group equatorial and the 
other axial, should form a periodate complex more easily than the diequatorial glucose 
system, whereas with the diaxial altrose, having an angle of 180° between the hydroxyl 
groups, formation of complex should be much more difficult, if not impossible. The 
experimentally determined second-order rate constants (Table 1) bear out this hypothesis, 
the relative rates for the derivatives of «-D-mannose and «-D-glucose being of the order 
6:1, whilst the a-p-altrose derivative is not oxidised at all. The optical density of 
solutions of periodate showed no significant change on the addition of the altroside com- 
pounds; this is evidence in favour of the absence of any complex. Similarly the compounds 
do not form complexes in cuprammonium solution.2, Cuprammonium complexes probably 
have a copper atom bridging the two oxygen atoms of the hydroxyl groups forming a 
five-membered ring, hence the geometrical requirement is similar to that for complex 
formation with periodate. However, we have found that altrose derivatives, such as 
methyl 4 : 6-di-O-methyl-«-p-altropyranoside, which can exist in the 1C conformation with 
equatorial hydroxyl groups at C,) and C;,) are oxidised by periodate. 


Fic. 4. Oxidation of methyl 4-O-methyl-p- 
Fic. 3. Oxidation of methyl 4 : 6-O-ethylid- glucopyranosides - annie and 25°. 
ene-D-glycosides at pH 4-06 and 25°. se ee 
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With the anomeric methyl 4 : 6-O-benzylidene-p-glycosides of gulose, idose, galactose, 
and talose, the czs-junction of the two rings means that the pyranoside ring may be in the 
Cl or 1C conformation. The observed relative rates of periodate oxidation of the 
a-anomers of the gulose, idose, and galactose derivatives are approximately 100: 2:1. 
The fact that methyl 4 : 6-O-benzylidene-«-p-idoside is oxidised suggests that it can exist 
in a conformation other than Cl, which like the corresponding altroside has the diaxial 
system of hydroxyl groups on Cy) and Cy). The 1C conformation, where these hydroxyl 
groups are equatorial would be expected to be oxidised. This result accords with Reeves’s 
observation * that the idoside forms a cuprammonium complex. Methyl 4 : 6-O-benzyl- 
idene-«-D-galactoside will exist in the Cl conformation with the diequatorial system of 
free hydroxyl groups. These results do not distinguish between the two possible chair 
conformations for the corresponding guloside compound, both of which have one equatorial 
and one axial hydroxyl group at Cy) and C,). Evidence in favour of the Cl conformation 
will be produced later. 

For the methyl 4: 6-0-benzylidene-p-glucosides, -gulosides, and -galactosides the 
second-order rate constant for the «-anomer is greater than that for the B-anomer (Figs. 1 


2 Reeves, J. Amer. Chem. Soc., 1949, 71, 212. 
? Reeves, ibid., 1950, 72, 1499. 
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and 2). A similar relation holds for the ethylidene analogues of glucose (Fig. 3), and for 
the anomeric methyl 4-O-methyl-p-glucopyranosides (Fig. 4). In the Cl conformations 
of all these compounds the C,.)-hydroxyl group is equatorial. In the 6 series, the equatorial 
Cq-methoxyl group is so situated with respect to the equatorial C,)-hydroxyl group as to 
interfere sterically with the formation of a periodate complex. With the «-anomer, the 
C,y-methoxyl group is axial, and interferes less. When there is an axial,axial relation 
between the groups attached to Cq) and to Cy) of the pyranoside ring, then the situation 
is very differeni, and the rate constants for the «- and g-anomers might be expected to be 
similar, or even for that for the B-anomer to be the greater. However, no such pair of 
anomers is available. The fact that the rate constant for methyl 4 : 6-O-benzylidene-«-p- 
guloside is greater than that for the 8-anomer, suggests that these compounds exist in the 
same conformation, Cl, as the other glycosides showing the same relation between the rate 
constants for the «- and B-anomers. Another example of the equatorial glycosidic group 
of a B-anomer sterically interfering with the oxidation between Ci) and Cg) of a pyranose 
ring has recently been reported. 

The size of the glycosidic substituent at C,,) has a pronounced effect on the rate of 
periodate oxidation at Cy) and Cy). Thus, although methyl 4 : 6-O-benzylidene-8-p- 
glucoside is oxidised fairly slowly, 7-(4 : 6-O-benzylidene-$-D-glucopyranosyl)theophylline 
is unaffected by periodate, and phenyl 4: 6-O-benzylidene-8-p-glucoside consumes 
periodate only extremely slowly. Unfortunately, owing to their insolubility in aqueous 
solutions, the last two compounds had to be studied in aqueous alcohol which we have 
found to give lower rate constants for periodate oxidation than do aqueous solutions. 
But by carrying out comparative reactions in aqueous.alcohol, the influence of the glycosidic 
substituent has been clearly demonstrated. We have not established, however, whether 
this is a steric or electronic effect. 9-(4 : 6-O-Benzylidene-8-p-glucopyranosyl)adenine 
and 9-8-p-glucopyranosyladenine 4’ : 6’-(phenyl phosphate) have been reported ® to be 
resistant to attack by periodate, but these compounds are insoluble in water, and the 
reactions were presumably carried out in non-aqueous media. Similarly, Harvey, 
Michalski, and Todd ® found that 7-(4 : 6-O-benzylidene-8-D-glucopyranosyl)theophylline 
was unaffected by periodate either in aqueous suspension or dissolved in alcohol or dioxan. 
These results, determined in non-aqueous media, are of doubtful bearing on the effect on 
the reaction rate of the addition of alcohol to an aqueous oxidation solution, whilst the 
attempted heterogeneous reaction in an aqueous suspension of the glucoside is entirely 
irrelevant. 

Increasing the chain-length of the alkyl group in the methyl 4 : 6-O-alkylidene-a-p- 
glucosides has little effect on the rate of oxidation (Fig. 5), but the benzylidene derivative 
is oxidised much faster. This is presumably due to an electronic effect. Similarly, methyl 
4 : 6-O-benzylidene-«-D-mannoside is oxidised faster than the ethylidene derivative. 
The presence of a 4: 6-phosphate ring greatly reduces the rate of oxidation. The rate 
constant for methyl «-p-glucoside 4 : 6-(hydrogen phosphate) is about twice that for the 
corresponding phenyl phosphate, so that the phenyl group exerts a steric or electronic 
effect which reduces the rate of oxidation. Nevertheless, contrary to a previous report,’ 
methyl «-p-glucoside 4 : 6-(phenyl phosphate) is oxidised. 

The marked differences in the observed rates of periodate oxidation of various cyclic 
glucosides have been discussed by Baddiley, Buchanan, and Szabdé.? They considered 
that these differences arose through the steric factors which havé been discussed above: 
the presence of (i) a C,,,substituent, (ii) a 4: 6-ring, and (iii) a substituent on this ring. 
These authors’ argument, with regard to the first of these factors, that since methyl 
a-D-glucoside 4: 6-(hydrogen phosphate) was oxidised more slowly than glucose 4: 6- 
(hydrogen phosphate) and since methyl 4 : 6-O-benzylidene-a-p-glucoside had a smaller 


4 Garner, Goldstein, Montgomery, and Smith, J. Amer. Cnem. Soc., 1958, 80, 1206. 
5 Barker and Foll, J., 1957, 3794. 

® Harvey, Michalski, and Todd, J., 1951, 2271. 

7 Baddiley, Buchanan, and Szabéd, J., 1954, 3826. 
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rate of reaction than 4 : 6-O-benzylidene-D-glucose, there was evidence in favour of steric 
hindrance produced by the Cq)-substituent, is invalid. With the two free sugars there 
are now three adjacent hydroxyl groups, and it is incorrect to compare the rates of 
oxidation of compounds containing different numbers of a-glycol groupings. 

The anomeric methyl and phenyl D-glucopyranosides have been oxidised by periodate. 
The times taken for the reduction of one mole of periodate were about 45 minutes for the 
two methyl D-glucopyranosides, 65 minutes for phenyl a-D-glucopyranoside, and 69 
minutes for phenyl $-D-glucopyranoside. Thus even though two «-glycol sites are being 
oxidised, and one is somewhat remote from the glycosidic group, the steric effect on the 
reaction rate is clearly shown. The effect of the glycosidic substituent on the oxidation 
of a remote a-glycol grouping is demonstrated in Fig. 6, where the oxidations of methyl 
and p-nitrophenyl 2-O-methyl-8-D-glucopyranoside are shown. The rate of oxidation 


at Cy) and Cy) is reduced by the #-nitrophenyl group at C,,); this may be a steric or 
electronic effect. ; 


Fic. 5. Oxidation of 4 : 6-substituted methyl a-p- 


glucosides at pH 4-06 and 25°. Fic. 6. Oxidation of © methyl and 
14 p-nitrophenyl  2-O-methyl-B-p-gluco- 


pyranosides at pH 4:06 and 25°. 
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The rates of oxidation of the 4-O-methyl, 4-chloro-4-deoxy, and 4-O-tosyl derivatives 
of methyl «-b-glucopyranoside are shown in Fig.7. A considerable steric effect is apparent, 
although the large difference between the rate constants for the methyl and chloro-deoxy- 
derivatives suggests that steric factors are not the only ones operating. However, the 
chlorine atom also has a much greater effect than the methoxyl group in restricting the 
free rotation between the rings of ortho-substituted diphenyls.®*® 

The relative rates of oxidation of the 2-deoxy, 2-O-methyl, and 2-0-tosyl derivatives 
of methyl «-p-glucopyranoside are shown graphically in Fig. 8. The steric effect of the 
Cy-substituent on the oxidation at Cy,) and Cy) is very marked; the rate constant is 
reduced by a factor of 1000 on replacing a hydrogen atom by a tosyloxy-group. In the 
relative rates of oxidation of the 2-O-methyl, 2-chloro-2-deoxy, and 2-O-benzoy]l derivatives 
of methyl §-p-glucopyranoside (Fig. 9), a considerable steric effect is apparent. There 
is again a large difference between the rate constants for the methyl and chlorodeoxy- 
compounds. The second-order rate constant for the periodate oxidation of methyl 
2-O-methyl]-a-D-altropyranoside is much greater than that for the corresponding glucoside 
derivative. This agrees with the tenet that the equatorial,axial pair of hydroxyl groups 


8 Stoughton and Adams, J. Amer. Chem. Soc., 1932, 54, 4426. 
* Yuan and Adams, ibid., p. 4434. 
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at Cis) and C4) of the altroside compound in the chair conformations, will be oxidised more 
easily than the diequatorial system present in the glucoside. 

At pH 6-93 and 25°, each mole of methyl 3-amino-4 : 6-O-benzylidene-3-deoxy-«-p- 
altroside consumed one mole of periodate in about 20 hours. The “‘ dialdehyde dihydrate ”’ 
which crystallised was shown to be the compound obtained from methy] 4 : 6-O-benzylidene- 
a-D-glucoside. As methyl 4: 6-O-benzylidene-«-p-altroside is unaffected by periodate, 
this result is surprising, and shows that the diaxial «-glycol and diaxial «-amino-hydroxyl 
systems are very different in their reaction with periodate. At pH 4-06 and 25°, less than 
one mole of periodate was reduced by the amino-altroside during 32 days; no compound 
crystallised from the oxidation solution. This very slow periodate reduction was probably 
due to the acid hydrolysis of the benzylidene group followed by oxidation (cf. methyl 
4 : 6-O-benzylidene-«-D-altroside at this pH and temperature). 


Fic. 7. Oxidation of 4-substituted methyl a- 


7 ee eo. ae Bie. 
p-glucopyranosides at pH 4-06 and 25°. Fic. 8. Oxidation of 2-substituted methyl « 


p-glucopyranosides at pH 4-06 and 25°. 
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methyl-a-D-glucopyranoside. 


The relative rates of oxidation of the cis- and trans-cyclohexane-1 : 2- and -1 : 3-diols 
are shown in Fig. 10. As would be expected of the 1: 2-diols the cis(e,a)-compound 
reacts more rapidly than the. trans(e,e)-compound. The rate constants for both com- 
pounds are much greater than those for substituted glycopyranoside derivatives because 
of the absence of any steric hindrance due to neighbouring substituents, and because the 
cyclohexane ring is not held in one particular conformation by a second ring. Neither 
cis- nor trans-cyclohexane-1 : 3-diol was oxidised, and evidence from ultraviolet spectrophoto- 
metric studies suggested that no periodate-diol complex was formed. Similarly penta- 
erythritol, which possesses two very close but non-adjacent hydroxyl groups, might be 
expected to form a complex with periodate, but ultraviolet spectrophotometric data 
disproved this. 

A number of the “ dialdehydes resulting from the periodate oxidation of cyclic 
a-glycols have been isolated, some by direct crystallisation during reaction. Compounds 
differing only in the configuration of the oxidisable grouping give the same product. Thus, 
methyl 4 : 6-O-benzylidene-«-D-glucoside, methyl 4 : 6-O-benzylidene-«-p-mannoside, and 
methyl 3-amino-4 : 6-O-benzylidene-3-deoxy-«-D-altroside all gave the same hemialdal 
monohydrate. A polarimetric study of the oxidation by periodate of methyl 4 : 6-O- 
benzylidene-«-D-guloside, -idoside, and -galactoside has shown that the specific rotation at 
the end of the oxidation is the same in each case (Fig. 11), suggesting that the same product 
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is formed. Methyl 4 : 6-O-benzylidene-8-D-galactoside and -f-pD-guloside gave the same 
hemialdal monohydrate. Methyl 4: 6-O-ethylidene-«-p-glucoside and -«-D-mannoside 
gave the same hemialdal, which crystallised from concentrated aqueous oxidation solutions. 
The formation of this product was also followed polarimetrically (Fig. 12). [In each case 
the infrared spectrum showed the presence of hydroxyl but not carbonyl groups.] 


Fic. 10. Oxidation of cyclohexanediols at 


Fic. 9. Oxidation of 2-substituted methyl B pH 4-06 and 25° 


D-glucopyranosides at pH 4-06 and 25°. 
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Fics. 1l and 12. Polarimetric analyses of 4 : 6-substituted methyl a-p-glycosides at pH 4-06 and room 
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By comparing the second-order rates of periodate oxidation with the extent of reaction 
with cuprammonium solution,?* measured by the decrease in conductivity on addition of 
the glycol, the close parallel between the two reactions has been further qualitatively 
demonstrated for the methyl 4:6-O-benzylidene-«-p-glycosides (Table 2). Cupr- 
ammonium solution has been shown to have a substantial conductivity decrement with 

10 Guthrie and Honeyman, J., 1959, 2441. 
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both cyclohexane-1 : 2-diols, the effect of the cis-compound being greater than that of the 
trans. This agrees with the reaction of these compounds with periodate. 

The similarity between the reactions of periodic acid and lead tetra-acetate has been 
discussed at length.* Although the rate of glycol cleavage with lead tetra-acetate has 
been considered in relation to the constitution of the glycol," little attention has been 
paid to the effect of the conformation of the glycol. 


EXPERIMENTAL 


Optical rotations were measured in chloroform solution, unless otherwise stated. 

Materials.—The periodate and buffer solutions were prepared as described in Part III. 

Methyl 4: 6-O-benzylidene-«-p-glucoside and the @-anomer,! prepared from methyl «- 
and §-p-glucopyranoside, respectively, had m. p. 164—165°, [aJ,,¥® +110-2° (c 1-2), and m. p. 
198—200°, [a],,1® —65-2° (c 0-96), [a],2* —77-8° (c 0-87 in water). The method of Irvine and 
Scott 1 was also used to prepare the a-anomer but the second isomer which they obtained 
was not isolated. 

Methyl 4: 6-O-benzylidene-«-p-altroside 17 and the $-anomer !* were prepared from the 
corresponding glucosides, and had m. p. 170—171°, {a],!® +115° (c 1-4), and m. p. 188-5—189°, 
[ai],,2° —64° (c 1-0 in acetone), respectively. Methyl 4: 6-O-benzylidene-«-p-mannoside * had 
m. p. 143—144°, [a],!® +63-2° (c 1-1). Methyl 4: 6-O-benzylidene-a-p-guloside had m. p. 
144—145°, [a],,2° +80-3° (c 0-83), [a],,22 + 88-9° (c 1-8 in water), and the B-anomer had m. p. 
174—175°, [a|,,2° —88° (c 1-0). Methyl 4: 6-O-benzylidene-a-p-idoside, prepared from the 
corresponding galactoside by Sorkin and Reichstein’s method,2® had m. p. 148—149°, 
[al,,2® +48-8° (c 0-76). Methyl 4: 6-O-benzylidene-«-p-galactoside *4 and the (-anomer,*® 
prepared from methyl «- and $-p-galactopyranoside, respectively, had m. p. 166—167°, [{a],,** 
+ 143-6° (c 1-6), and m. p. 199—200°, [aJ,,22 —33-2° (c 1-3). Methyl 4: 6-O-ethylidene-a-p- 
glucoside *? and the 8-anomer,”* prepared from methyl a- and $-p-glucopyranoside and 1: 1- 
dimethoxyethane, had m. p. 76—77°, [a], +111-3° (c 1-2 in water), and m. p. 188—189°, 
[a],,°° —74° (c 1-9 in water). Methyl 4: 6-O-ethylidene-a-p-mannoside, prepared from methyl 
“-D-mannopyranoside and paraldehyde,**** had m. p. 116-5—117-5°, [aJ,,!® +76-5° (c¢ 1-4). 
Methyl 4: 6-O-propylidene-«-p-glucoside ** had m. p. 102°, [a],3® + 122° (c 0-60). Methyl 
4 : 6-O-butylidene-«-p-glucoside *” had m. p. 108°, [a],2° +112-9° (c 2-4). Methyl 4: 6-0- 
isopropylidene-«-p-guloside * had m. p. 132—134°, [a],2° +88-9° (c 1-8). Methyl «-p- 
glucoside 4 : 6-(hydrogen phosphate) 5 was prepared from the cyclohexylamine salt by passage 
through Amberlite Ion-Exchange Resin IR-120 (H), in an aqueous solution which was used 
directly for oxidation by periodate. Methyl «a-p-glucoside 4:6-(phenyl phosphate) ® had 
m. p. 196—197°, {a],,2° +100-8° (c 1-2 in ethanol). Methyl 4 : 6-di-O-methyl-a-p-altropyrano- 
side *® was obtained as a syrup, [a],,2° + 147° (c 0-50 in water), which has not been crystallised. 

Phenyl §-p-glucopyranoside (5 g.), powdered anhydrous zinc ‘chloride (3 g.), and benz- 
aldehyde (redistilled, 20 ml.) were shaken at room temperature for 24 hr. in a stoppered flask 
filled with nitrogen. After being left at 0° overnight, the resulting jelly was shaken with ice— 
water (250 ml.), a solid then separating. This was filtered off and washed successively with 
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sodium hydrogen sulphite (10% aqueous solution, 200 ml.), saturated aqueous sodium hydrogen 
carbonate (100 ml.), water (100 ml.), and light petroleum (b. p. 60—80°; 1 1.) before being 
dried. Recrystallisation from aqueous ethanol gave feathery needles of phenyl 4: 6-O- 
benzylidene-f-p-glucoside (1-8 g., 27%), m. p. 196—197°, [{a),27 —66-5° (c 1-1 in pyridine). 
McCloskey and Coleman * give m. p. 194-5—195° (corr.), [a],,2° —56-5° (c 2 in acetone). 

Other compounds used were: methyl 4-O-methyl-«-p-glucopyranoside,*! m. p. 94—95°, 
[a],"*> +167° (c 1-2 in water); methyl 4-O-methyl-$-p-glucopyranoside,** m. p. 102—103°, 
(aJ,,2° —18° (c 1-0 in water); methyl 4-O-methyl-«-p-mannopyranoside, m. p. 101—102°, [a],,”° 
+83-9° (c 0-80 in water); methyl 4-chloro-4-deoxy-«-p-glucopyranoside,?* m. p. 114—114-5°, 
{ai),,22 +130-9° (c 1-0 in water); methyl 4-O-tosyl-«-p-glucopyranoside,** m. p. 148—149°, 
[a],,22 +107-6° (c 1-1 in ethanol); methyl 4-O-tosyl-6-O0-triphenylmethyl-«-p-glucoside,** 
m. p. 146—147°, [a],,2° +74-9° (c 1-3); methyl 2-deoxy-«-p-glucopyranoside,** m. p. 90—91°, 
[aJ,,2° + 135° (c 0-67 in water); methyl 2-O-methyl-«-p-glucopyranoside, m. p. 147—148°; 
methyl 2-O-methyl-8-p-glucopyranoside, m. p. 97—-98°; methyl 2-O-tosyl-«-p-glucopyranoside, 
m. p. 138—139°; methyl 2-chloro-2-deoxy-$-p-glucopyranoside, m. p. 163—164°; methyl 
2-O-benzoyl-8-p-glucopyranoside,* m. p. 174—177°, [a],,'* —1-8° (c 1-8 in acetone); methyl 
2-O-methyl-«-p-altropyranoside,** m. p. 81—83°, [{a/,,%° +111-6° (c 1-0); p-nitrophenyl 2-O- 
methyl-8-p-glucopyranoside,*” m. p. 178—179°, [a],”* —90-2° (c 4-0 in aqueous ethanol); 
7-(4 : 6-O-benzylidene-8-p-glucopyranosyl)theophylline,?_ m. p. 272—273°; methyl 3-amino- 
4 : 6-O-benzylidene-3-deoxy-«-pD-altroside, m. p. 188—190°; cis-cyclohexane-1 : 3-diol,** m. p. 
85—85-5°; trans-cyclohexane-1 : 3-diol,®®* m. p. 118—118-5°; cis-cyclohexane-1 : 2-diol,®® m. p. 
98—99°; tvans-cyclohexane-1 : 2-diol,“° m. p. 103-5—104°; pentaerythritol, m. p. 259—261°. 

Kinetic Measurements.—All oxidations were performed at 25° in the dark. Aqueous buffer 
solutions were used for the majority of the oxidations, but in a few cases, where the reactant 
was insufficiently soluble in water, aqueous ethanolic solutions were used. For the titrimetric 
determination of second-order rate constants an approximately threefold excess of periodate 
was used. The solutions were 3-5 x 10m with respect to the reactant and 14 x 10%m with 
respect to periodate. This usually involved about 0-1 g. of the reactant in 100 ml. of solution. 
With compounds not oxidised by periodate (e.g., cis- and trans-cyclohexane-1 : 3-diol, penta- 
erythritol, and the anomeric methyl 4 : 6-O-benzylidene-p-altrosides) a wider range of excess 
of periodate (three- to twenty-fold) was used, in order to try to achieve reaction.‘! Control 
experiments were always carried out. Analysis for periodate was carried out by Miiller and 
Friedberger’s,*? Fleury and Lange’s,** Malaprade’s,** or Neumiiller and Vasseur’s *® method. 
The four methods gave consistent results, but Malaprade’s method was much less accurate than 
the others. Because Miiller and Friedberger’s method was quickest and easiest to carry out, 
it was employed in most of the oxidations. With a small excess of periodate (roughly threefold) 
all the reactions studied were of second-order with respect to glycol and periodate. 

If a and b are the initial concentrations of periodate and glycol (in mole 1.4), respectively, 
and * is the decrease in concentration of periodate (also in mole 1.) at time #, then, if 2, is the 
second-order rate constant, measured in 1. mole™ sec.“, 

logio[(a — x)/(b — x)] = t{k,(a — b)/2-303] + constant 
From the slope of a graph of log,.[(a — x)/(b — x)] (for which the symbol X is used in all the 
Figures) against ¢, k, was calculated. All the experiments were carried out in at least duplicate, 
the second-order rate constant being reproducible to within 3 or 4%. 
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Ultraviolet Spectrophotometric Measurements. 47,48__The optical densities of approximately 
10*m-solutions of periodate were measured at 2260 and 2340 A, in the presence of various 
glycols, a Unicam model SP.500 spectrophotometer being used with 1-cm. silica cells. The 
buffer solutions and the glycols (approximately 10™‘m-solutions) absorbed only very slightly in 
this region but owing to the effect of ultraviolet light on periodate solutions, this procedure can 
be unreliable, and was used only when periodate oxidation was known not to occur. In such 
compounds (methyl 4: 6-O-benzylidene-a«-p-altroside, cis- and trans-cyclohexane-1 : 3-diols, 
and pentaerythritol), no change in absorption occurred on adding the glycol, suggesting that 
no glycol—periodate complex was formed. 

Polarometric Measurements.—Enough glycol to give an initial rotation of at least +1-0° was 
dissolved in buffer solution, excess of sodium periodate solution was added, and the solution 
was made up to a known volume with buffer. After mixing, the solution was rapidly transferred 
to a polarimeter tube (2 dm.), and the values of the optical rotation were noted against time 
until a constant value was obtained. A graph of the rotation, or the specific rotation, against 
time, was plotted. 

Isolation of Products of Oxidations.—Analytical results were confirmed by isolation of 
products whenever possible. A slight excess of oxidant was allowed to react with the glycol 
in concentrated solution. When the reaction was judged, on evidence from rate studies or 
optical rotation, to be complete, the ions were removed either by precipitation by barium 
hydroxide solution,*® or by passage through ion-exchange resins.5° In a few cases the product 
crystallised directly from the reaction solution and was collected. 

Summary of Results.—All the rate constants (collected in Table 1) are of second order unless 
otherwise mentioned. Second-order rate constants, k,, are recorded in 10 1. mole sec.4, and 
first-order rate constants in sec... Typical results are: Methyl 4: 6-O-benzylidene-«-p- 
glucoside was oxidised at pH 4-06 and 25°; k, 2-82, 2-82, 2-92, 2-93 (mean 2-88). At pH 6-93 
and 25°; k, 1:34, 1:36 (mean 1-35). The product, 7: 9-dihydroxy-6a-methoxy-2-phenyl- 
tvans-m-dioxano[5,4-e][1 : 4]-dioxepan hydrate,!° which crystallised directly from the oxidation 
solution, was filtered off, washed with water, and dried. It had m. p. 143—144°, [a], +61-8° 
(c 4-0 in pyridine). Methyl 4: 6-O-benzylidene-8-p-glucoside, pH 4:06; 25°; k, 1-13, 1-04, 
1:13 (mean 1-10). The product, 7 : 9-dihydroxy-68-methoxy-2-phenyl-trans-m-dioxano[5,4-e]- 
[1 : 4]-dioxepan hydrate, did not crystallise from the solution, but was obtained by passing it 
through ion-exchange resins, evaporation of eluates, extraction of residues with chloroform, 
and recrystallisation from acetone-light petroleum (40—60°). The product crystallised as 
clusters of white needles, m. p. 118—119°, [a],2° —25-0° (c 0-80 in water) (Found: C, 53-8; 
H, 6-5. C,gH,,0,,2H,O requires C, 53-2; H, 63%). The infrared spectrum showed the 
absence of carbonyl groups and the presence of hydroxyl groups. 

With methyl] 4 : 6-O-benzylidene-«-p-altroside at pH 4-06 and 25° periodate was consumed, 
but the benzylidene group was hydrolysed, liberating benzaldehyde. Similar results were 
obtained at 25° in aqueous unbufiered solutions. At pH 4-06 and 0°, at pH 6-93 and 25°, and 
at pH 10-10 and 25°, periodate was not consumed during 2 days. From these experiments, 
the altroside was recovered nearly quantitatively. 

At pH 4-06 and 25° the benzylidene group of methyl 4 : 6-O-benzylidene-f-p-altroside was 
hydrolysed. At pH 6-93 and 25°, and at pH 10-10 and 25°, periodate was not consumed during 
1 day. These oxidations were carried out in a mixture of buffer and alcohol (95: 5) since the 
altroside was insufficiently soluble in buffer solution. 

The product of oxidation of methyl 4: 6-O-benzylidene-«-p-mannoside crystallised from 
the solution and had m. p. 143—146°, undepressed on admixture with the product from the 
glucoside; the infrared spectra of the two products were identical. 

The product from methyl 4: 6-O-benzylidene-$-p-galactoside, 7 : 9-dihydroxy-68-methoxy- 
2-phenyl-cis-m-dioxano[5,4-e][1 : 4]-dioxepan hydrate, crystallised ‘from the concentrated 
aqueous oxidation solution; it had m. p. 118—119° (from water) (Found: C, 53-2; 
H, 6:4. C,,H,,0,,2H,O requires C, 53-2; H, 63%). The m. p. and analysis agree with 
unpublished values obtained by Hewitt G. Fletcher, jun. 
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TABLE 1. Second-order rate constants (k, in 10° 1. mole sec.) for oxidations by periodate in 
aqueous buffer solutions of pH 4-06 at 25° (unless otherwise stated). (Numbers in 


parentheses refer to the number of individual values determined from which the mean k, 
was calculated.) 


ke ky 

Methyl 4 : 6-O-benzylidene- Methyl 2- 

a-D-glucoside 2-88(4) ¢ deoxy-«-D-glucopyranoside ~500 

B-p-glucoside 1-13(3) O-methyl-«-p-glucopyranoside 76-7(2) 

a-D-altroside 0-00 ° O-tosyl-a-D-glucopyranoside 0-646(2) 

B-p-altroside 0-00 ¢ O-methyl-f-p-glucopyranoside 81-8(2) 

a-D-mannoside 15-9(3) chloro-2-deoxy-B-D-glucopyranoside 5-55(1) 

a-D-guloside 319(2) O-benzoyl-8-p-glucopyranoside 2-12(2) 

B-p-guloside 35-5(2) 

a-D-idoside 6-41(4) Methyl 2-O-methyl-8-p-gluco- 81-8(2) 

«-D-galactoside 3-69(4) pyranoside 

B-p-galactoside 2-09(3) p-Nitrophenyl 2-O-methyl-f-p- 51-3(2) 
Methyl 4 : 6-O-ethylidene- glucopyranoside 

«-D-glucoside 2-06(3) ¢ 

B-p-glucoside 0-757(3) | Methyl 2-O-methyl-«-p- 

a-D-mannoside 14-4(4) ¢ glucopyranoside 76-7(2) 
Methyl 4: 6- altropyranoside ~5,000 

O-benzylidene-«-p-glucoside 2-88(4)*  cis-cycloHexane-1 : 2-diol 11,700(2) 

O-ethylidene-a-p-glucoside 2-06(3)% trans-cycloHexane-1 : 2-diol 4,100(2) 

O-propylidene-«-D-glucoside 2-02(2) cis-cycloHexane-1 : 3-diol 0-00 

O-butylidene-a-p-glucoside 2-01,(3)  trans-cycloHexane-1 : 3-diol 0-00 
Methyl a-p-glucoside Methyl 4 : 6-O-isopropylidene-«-p- 644(2) 

4 : 6-(hydrogen phosphate) 0-647 (2) guloside 

4 : 6-(phenyl phosphate) 0-331(2) Methyl 4: 6-di-O-methyl «-p-altro- 48-5(3) 
Methyl 4-O-methyl- pyranoside 

a-D-glucopyranoside 23-3(2) 7-(4 : 6-O-Benzylidene-8-p-gluco- 0-009 

B-p-glucopyranoside 18-7(2 pyranosyl)theophylline 

a-D-mannopyranoside 90-8(2) Methy] 3-amino-4 : 6-O-benzylidene- 2-11(2)* 
Methyl 4- 3-deoxy-a-D-altroside 

O-methyl-a-p-glucopyranoside 23-3(2) Pentaerythritol 0-00 

chloro-4-deoxy-a-D-glucopyranoside 1-56(3) 

O-tosyl-a-p-glucopyranoside 0-377(3) 

O-tosyl1-6-O-triphenylmethyl-«-p- ~0-2/ 

glucoside 


* 1-35(2) at pH 6-93 and 25°. ° At 0°; hydrolysis occurred at 25°. ¢ In ethanol—buffer solution 
(5: 95) at pH 6-93. 4 0-211(2) at pH 4-06 and 0°; in ethanol—buffer solution (50:50). ¢ 1-55(2) at 
pH 4-06 and 0°; 5-22(2) at pH 4-06 and 12-9°. / In ethanol—buffer solution (50: 50). % In ethanol- 
ethyl acetate—buffer solution (70: 25:5). * At pH 6-93. 


TABLE 2. Reaction of a-glycols with periodate and with cuprammonium solutions. 


«a-Glycol group at C;.>-Cy,) of methyl 4 : 6-O- Rate of reaction Extent of reaction with 
benzylidene-a-D-glycoside (Cl) with periodate cuprammonium solution 
e€,a e.g. mannoside rapid medium 
e,e e.g. glucoside slow small 
a,a e.g. altroside zero none 


The product of oxidation of methyl 4: 6-O-benzylidene-8-p-guloside crystallised from a 
concentrated aqueous oxidation solution, and had m. p. and mixed m. p. with the corresponding 
galactoside product, 117—119°. 

Methyl 4: 6-O-ethylidene-x-p-glucoside on oxidation gave 7 : 9-dihydroxy-6«-methoxy-2- 
methyl-trans-m-dioxano[5,4-e][1 : 4]-dioxepan, which crystallised from a concentrated oxidation 
solution, and, after recrystallisation from water containing a few drops of dimethyl sulphoxide, 
had m. p. 143—144°, [a],,2° +13-6° (c 0-90 in water) (Found: C, 45-3; H, 6-7. C,H,,0,,H,O 
requires C, 45-7; H, 6-8%). The infrared spectrum showed the absence of carbonyl groups, 
but the presence of hydroxyl groups. 

Methyl 4 : 6-O-ethylidene-«-p-mannoside on oxidation gave the same product, m. p. 140— 
141°, [aJ,,2° +13-5° (c 1-0 in water), as was given by methyl 4: 6-O-ethylidene-a-p-glucoside 
(compared by m. p. and infrared spectrum). 

With methyl 4-0-tosyl-6-O-triphenylmethyl-«-p-glucoside in alcohol—buffer (50: 50) there 
was considerable reduction in concentration of periodate in the blank during the long period 
required for completion of reaction, and this continually changing concentration made 
reproducible results hard to obtain. 
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At 25° 7-(4 : 6-O-benzylidene-8-p-glucopyranosyl) theophylline showed no uptake of periodate 
in 8 days in alcohol-ethyl acetate—buffer solution (pH 4-06) (70: 25: 5). 

At pH 4-06 and 25° there was a very slow reduction of periodate by methyl 3-amino-4 : 6-O- 
benzylidene-3-deoxy-«-pD-altroside: 0-2 mole after 147 hr. with a threefold excess of periodate, 
and 0-3 mole after 314 hr. with a seventeenfold excess of periodate. The product had m. p. 
134—138°, undepressed when mixed with the oxidation product from methyl 4 : 6-O-benzylidene- 
«-D-glucoside; the infrared spectra of the two products were identical. 

At 25° and pH values of 4-06, 6-93, and 10-10, with a two- to ten-fold excess of periodate, 
cis-cyclohexane-1 : 3-diol was not oxidised during 7 days, and was quantitatively recovered 
after the removal of inorganic ions. At pH 4-06 and 25°, with a two- to ten-fold excess 
of periodate, the trans-1 : 3-diol was not oxidised during 6 days, and was quantitatively recovered. 

At pH 4-06 and 25°, periodate was not reduced by pentaerythritol during 72 hr. with either 
a three- or a ten-fold excess of periodate. The pentaerythritol was isolated unchanged (95%) 
from the reaction solutions. 

Phenyl 4 : 6-O-benzylidene-$-p-glucoside (A) was very slowly oxidised by periodate at 25° 
in alcohol-ethyl acetate—buffer solution (pH 4-06) (70:20:10). For comparison, methyl 
4 : 6-O-benzylidene-«-pD-glucoside (B) was also oxidised in this medium. Rate constants were 
not calculated, since in this medium there was a considerable fall off in the blank due to the 
reduction of periodate by solvents. 

Mol. of periodate reduced 


I iiciticknennidnswtsncininiioenis 0 7 30 66 92 

BE niiicciininainhenninnaaeenis 0-0 0-61 1-00 1-03 1-09 
B in alcoholic medium ............... 0-0 0-05 0-11 0-23 0-30 
A in alcoholic medium ............... 0-0 0-0 0-02 0-06 0-12 


The authors thank Professor F. Smith, Professor Sir Alexander Todd, and Drs. J. G. 
Buchanan, Hewitt G. Fletcher, jun., L. Hough, M. A. Jermyn, B. Lindberg, D. M. Lloyd, 
C. W. Rees, W. Rigby, O. Theander, and R. Whistler for supplying chemicals, and the Depart- 
ment of Scientific and Industrial Research for a Maintenance Allowance (to C. J. G. S.). 


KinG’s COLLEGE, STRAND, Lonpon, W.C.2. 
SHIRLEY INSTITUTE, MANCHESTER, 20. [Received, December 4th, 1958.] 





494. Experiments in the cycloButane Series. Part V.*  cis- and trans- 
1-(4-Dimethylamino-«-phenylbenzylidene)-2-diphenylmethylenecyclobutane. 
By F. B. Kippine and J. J. WREN. 


In further attempts to demonstrate optical activity in the 1: 2-bis- 
diphenylmethylenecyclobutane system the isomeric amines (III) and (IV) 
were prepared. Heat, light, alumina, and acid facilitate their intercon- 
version; acid surprisingly favours the cis-configuration. The ultraviolet 
spectra of these and related compounds, particularly 1-p-dimethylamino- 
phenyl-4-phenylbuta-1 : 3-diene, are discussed. 


In attempts to demonstrate optical activity in the 1 : 2-bisdiphenylmethylenecyclobutane 
system? it was decided to synthesise 1-(4-dimethylamino-«-phenylbenzylidene)-2-di- 
phenylmethylenecyclobutane, which might be amenable to resolution by conventional 
methods. This compound should exist in a cis- (III) and a trans-modification (IV). (-+)-1- 
Benzoyl-2-diphenylmethylenecyclobutane (I) with #-lithio-NN-dimethylaniline gave the 
olefinic alcohol (II) which readily lost water, giving yellow crystals which fluoresced 
intensely in ultraviolet light. These were evidently a mixture of dienes (III) and (IV) 
since different specimens had different melting points and infrared and ultraviolet spectra. 
The spectra (e.g., curve D, Fig. 3) appeared to have isosbestic points at ~280 and 
~340 muy. 

Separation of the isomers was attempted in numerous ways. No enrichment of either 


* Part IV, J., 1957, 3251. 
1 Cf. Kipping and Wren, J., 1957, 3246. 
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was effected by crystallisation from various solvents or by fractional sublimation in vacuo. 
Column and paper chromatography under various conditions also failed to resolve the 
mixture. However, the pure isomers were obtained in unexpected ways. When ethanolic 
mother-liquor from crystallisation of the mixed isomers was left in a stoppered flask long 


Ph C.Hy:NMe, 
COPh CPh(OH)-C,H,- NMe, C:C,H,NMe, CPh 
L Sense, & toy a ate L doen 
(I) (II) (III) (LV) 


rods or hard rosettes of the pure ¢vans-isomer (IV) were slowly formed. Although no 
crystalline (-++)-3-bromocamphor-8-sulphonate was obtained from the mixed isomers, a 
crystalline (+-)-camphor-10-sulphonate was obtained, and decomposition of it with alkali 
yielded optically inactive material which proved to be the pure cis-isomer (III). The pure 
trans-isomer (IV) yielded only the cis-(+-)-camphor-10-sulphonate, presumably owing to 
isomerisation catalysed by camphorsulphonic acid. 

1-p-Dimethylaminophenyl-4-phenylbuta-1 : 3-diene.—This was studied as a model 
substance. The ultraviolet spectrum of the ¢rans-trans-diene has been described twice 
and the maxima showed roughly the expected bathochromic displacements, compared 
with those of tvans-trans-1 : 4-diphenylbuta-1 : 3-diene, but showed considerable unexpected 
hypochromic displacements (hydrocarbon, emax, 12,700, 55,300; amine, emax, 10,000, 
42,300;% solvent, ethanol). In ¢évans-stilbene a 4-dimethylamino-substituent gives a 
hyperchromic shift in addition to a bathochromic shift of over 50 my. (tvans-stilbene, Amax. 
295 my, © 27,000; * trans-4-dimethylaminostilbene, Amax, 346-5 my, ¢ 31,500;5 solvent, 
ethanol). 

Our trans-trans-amine, purified by crystallisation and chromatography, had m. p. 
183-5—-184°, and, as was expected, its spectrum (curve B, Fig. 1) does not show considerable 
hypochromic displacements (max, 10,400, 51,800). The trans-trans-assignment is confirmed 
by the following observations, correlated with the work of Pinckard e¢ al.* on the isomeric 
1 : 4-diphenylbuta-1 : 3-dienes: (a) The strongly acidic conditions of working-up would 
convert other isomers largely inta the trans-trans-form. (b) The relatively high melting 
point suggests the ¢rans-trans-configuration, as does the crystalline form, which is identical 
with that of the parent hydrocarbon.’ (c) The ultraviolet spectrum shows an overall 
bathochromic displacement of roughly 40 my, with loss of fine structure, compared with 
that of the parent hydrocarbon (see Fig. 1); the general level of absorption is nearly 
unaltered. (d) The expected hypsochromic effect of acid (curve C, Fig. 1) is not accom- 
panied by a marked hyperchromic effect, which would result if a cis-isomer were treated 
with acid. The spectrum in acid is consistent with addition of the chromophore *NHMe, 
to the trans-trans-1 : 4-diphenylbuta-1 : 3-diene system. (e) Illumination of solutions in 
light petroleum caused hypsochromic and hypochromic spectral changes (see Fig. 2) 
analogous to those described for the parent hydrocarbon,® which was converted into its 
cis-trans-isomer in this way. (The amine actually has two isomers corresponding to the 
latter, which may be termed cis-trans and trans-cis respectively.) Chromatographed on 
alumina, the product of illumination formed a band below that of the trvans-trans-amine, 
and this yielded an oil which crystallised as the trans-trans-amine. 

Earlier preparations of the trans-trans-amine were obviously contaminated with 
geometrical isomers. In the present work, no appreciable photoisomerisation occurred 
whilst solutions were actually in the spectrophotometer. (Haddow e¢ al.3 reported a 
contrary observation.) Solutions were, however, affected by the normal light of the 


Hertel and Liihrmann, Z. phys. Chem., 1939, B, 44, 261. 

Haddow, Harris, Kon, and Roe, Phil. Trans., 1948, A, 241, 147. 

Gillam and Stern, ‘‘ Electronic Absorption Spectroscopy,” Arnold, London, 1954, p. 242. 
Beale and Moe, J. Amer. Chem. Soc., 1952, 74, 2302, 6317. 

Pinckard, Wille, and Zechmeister, ibid., 1948, 70, 1938. 

Sandoval and Zechmeister, ibid., 1947, 69, 553. 
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laboratory; in winter the effect was slight, but in summer émax. fell appreciably within 
five minutes, and during 30 minutes it fell from 51,800 to 40,000 (ethanolic solution). 
Characterisation of the Isomeric Dienes (111 and IV).—The conclusions drawn previously 
about the configuration of the 1 : 2-bisdiphenylmethylenecyclobutane molecule »* suggest 
that the dimethylamino-group in the trans-isomer (IV) is almost fully conjugated with the 
diene system, whereas that in the cis-isomer (III) is not. Curve B in Fig. 3 should therefore 
be the spectrum of the ¢rans-isomer: its maximum at longest wavelength is 30 my nearer 
the red than that for the parent hydrocarbon and shows a hyperchromic displacement of 
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(A) trans-trans-1 : 4-Diphenylbuta-1 : 3-diene in ethanol (Amax, 232, 315, 329, 346 mp; e€ 12,700, 


44,800, 55,300, 35,900) (the spectrum printed in Fig. 1 of ref. 8 was taken from obsolete data and 
omitted the maximum at 315 my). 


(B) trans-trans-1-p-Dimethylaminophenyl-4-phenylbuta-1 : 3- 
diene in ethanol (Amax. 276, 369 mu; e¢ 10,400, 51,800). (C) Same compound as in (B), but in ethanol 
containing 1% of concentrated hydrochloric acid (Amax. 235, 333, 350 mp; e 8400, 50,000, 33,200. 
Aina, 321 mp; ec 41,100). 


Fic. 2. (A) trans-trans-l-p-Dimethylaminophenyl-4-phenylbuta-1 : 3-diene in light petroleum 
278, 366 mu; ¢ 8800, 51,100. Aina. 385 my; ce 38,000). 


(Amaz. 
8 hr. (Amax. 271, 361 mp; e€ 16,300, 35,000. 


(B) Same solution after illumination during 
Aina, 387 mp; e€ 20,400). 


about 10,000." The wavelength shift is approximately what would be expected by analogy 
with trans-4-dimethylaminostilbene and the trans-trans-amine mentioned above. The 
intensity change is unexpected and suggests the contribution of resonance forms such as (V), 
involving ring c of the system. Although twisted considerably out of the plane of the main 
conjugated system, rings B and c can be expected to participate to a limited extent in 
conjugation. Turner and his co-workers ®!° have shown that certain ortho-substituted 


diphenyls show vestigial conjugation bands despite 
interplanar angles between the benzene rings as high as 
60° in the unexcited state. Moreover, highly conjugative 
ortho- and para-substituents can greatly strengthen such 
bands: for example, 2: 2’-dimethyldiphenyl has little 
“ diphenyl ” absorption,” but (a) the introduction of 
(V) two #-nitro-substituents restores almost fully the 


“diphenyl” band, and (d) the introduction of two 
p-amino-substituents increases the wavelength of “ diphenyl” absorption by ca. 20 my 
and the intensity by ca. 11,000.% 





8 Alberman, Haszeldine, and Kipping, J., 1952, 3284. 


® Beaven, Hall, Lesslie, and Turner, J., 1952, 854; see also Braude and Forbes, J., 1955, 3776. 
10 Beaven, Hall, Lesslie, Turner, and Bird, J., 1954, 131. 


11 Pickett, Groth, Duckworth, and Cunliffe, J. Amer. Chem. Soc., 1950, 72, 44. 
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The spectral curve of the cis-isomer (III) (curve C, Fig. 3; a similar curve was obtained 
for a solution in light petroleum) is strikingly different from those of the other 1 : 2-bisdi- 
phenylmethylenecyclobutanes studied,!8 and shows no less than four well-defined maxima 
above 220 mu. The maximum at longest wavelength is 4 my nearer the red than that of 


the trans-isomer (IV), but its intensity is less than half and is in fact much lower than for 
the corresponding maximum of the hydrocarbon. 


Apparently the conjugative dimethy]l- 
amino-substituent in ring B or C causes that ring to become more coplanar with the diene 


system (and cyclobutane ring), forcing the other rings to become less coplanar. The 
cts-isomer (III) probably has a molecular configuration more distorted than those of other 
1 : 2-bisdiphenylmethylenecyclobutanes. Its spectrum may be explained by the contri- 
butions of partial chromophores, owing to the low degree of coplanarity in the molecule. 
The spectra of the methiodides of the isomers (IIi and IV) are shown in Fig. 4. That 
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(D) cis- + trans-Isomers (III) and (IV). 

2-Bisdiphenylmethylenecyclobutane (Amax. 258, 351 mp; e€ 23,000, 
(B) Methiodide of the cis-isomer (IIT) (Amax. 264, 358 mp; ¢ 25,000, 18,800. Ain. 298 mp; 
(C) Methiodide of the trans-isomer (IV) (Amax. 255, 357 mp; e 31,700, 33,700). 
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of the cis-methiodide (curve B) is unlike that of the parent amine (curve C, Fig. 3), but 
broadly similar to that of the parent hydrocarbon (curve A), providing confirmatory 
evidence for the configuration assigned to these compounds. That of the ¢trans-methiodide 
(curve C) is similar in shape but shows a much higher level of absorption than that of the 
parent hydrocarbon; this hyperchromic effect of the *NMe, substituent is unexpected, 


SINCE Emax, for the ¢vans-trans-amine hydrochloride (curve C, Fig. 1) is roughly the same as 
for its parent hydrocarbon (curve A, Fig. 1). 


Interconversions of the Isomeric Dienes (III and IV).—(a) Thermal isomerisation. The 
melting points of both isomers (ca. 185°) were dependent upon the rate of heating, and 
unreliable as criteria of purity: their purity was best assessed by optical-density measure- 
ments on ethanolic solutions. Optical-density measurements also showed that both isomers 
were stable for an hour in boiling cyclohexane (which is therefore a suitable solvent for 
recrystallisation). But after fusion, during fifteen minutes at 200° under pure, dry 
nitrogen, both were appreciably isomerised. Fig. 5 shows that the equilibrium under 


these conditions strongly favours the ¢vans-isomer, as would be expected on steric grounds. 
(b) Alumina chromatography. Benzene solutions of the two isomers, chromatographed 
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simultaneously on identical alumina columns, formed identical zones, which were eluted 
at thesamerate. Ethanolic solutions of the evaporated eluates had similar spectra, showing 
that considerable isomerisation had occurred in each case. 

(c) Effect of light. Crystals of the cis-isomer, after two months in the normal light of 
the laboratory, gave spectra which showed no evidence of isomerisation; under the same 
conditions, crystals of the ¢vams-isomer were slightly affected. The spectra of light 
petroleum solutions of either isomer which had been illuminated (under conditions employed 
by Zechmeister and his co-workers ® for 1 : 4-diphenylbuta-1 : 3-diene) indicated extensive 
destruction of material. Destruction was much less in ethanolic solution, and Fig. 6 
shows that light tends to convert the trans- into the cis-isomer. Polyenes are generally 
converted into their thermodynamically least stable cis-isomers under the influence of 
light.!* 

(d) Effect of acid. In dilute ethanolic hydrochloric acid the two isomers gave the 
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Fic. 5. (Solvent: ethanol.) (A) cis-Isomey (III) after fusion during 15 min. at 200° under nitrogen. (B) 


trans-Isomer (IV) after similar treatment. 


Tic. 6. (Solvent: ethanol.) (A) cis-Isomer (III) and (B) trans-isomer (IV) after 
illumination during 8 hr. (C) cis-Isomer (IIT}. 


same spectrum (curve A, Fig. 7), comparison of which with the spectra of the cis- and the 
trans-methiodide (Fig. 4) indicates a mixture of hydrochlorides in which the cts-isomer 
predominates (*NHMe, and *NMe, are roughly equivalent chromophores). This was 
confirmed by treatment of the acid solutions with excess of ammonia: again, both gave 
the same spectrum (curve B, Fig. 7), which may be compared with that of the cis-isomer 
(curve C, Fig. 3). The spectra of acid solutions were examined within an hour of their 
preparation and were virtually unchanged one day later. Evidence of the rapidity of 
acid-catalysed isomerisation was also obtained in an attempt to examine the spectrum 
of the cis-(+-)-camphor-10-sulphonate. Since this salt was immbtdiately hydrolysed by 
water and gave, for example, a strongly yellow solution in 95% ethanol (contrast the 
hydrochloride, which is not appreciably hydrolysed by water and gives a pale yellow 
solution in 95°% ethanol), anhydrous methanol was used as solvent. The resulting, 
strongly yellow solution had a spectrum (curve A, Fig. 8) very similar to that of the crs- 
isomer (III) itself (curve C, Fig. 3). Addition of water to the solution caused an immediate 
shift towards the “ ¢rans-’’ type of spectrum (curve B, Fig. 8; cf. curve A, Fig. 7). It 


12 See, e.g., Wyman, Chem. Rev., 1955, 55, 625. 
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remains to be explained why in acid solution the equilibrium between the salts of the 
isomers (III and IV) favours the cis-configuration, since polyenes usually tend to give 
their thermodynamically most stable isomers on acid catalysis. The dimethylamino- 
group in the cis-isomer is largely unconjugated with the diene system, whereas that in the 
trans-isomer is largely conjugated. ‘Thus, the former will be the stronger base, and can 
be expected to predominate in acidic media. It will also give salts having greater ionic 
character, which will be less soluble in benzene than salts of the trans-isomer: this explains 
the failure to obtain a trans-(+-)-camphor-10-sulphonate, mentioned above. 

Attempted Optical Resolution of the Isomeric Dienes (III and IV).—Their ready acid- 
catalysed isomerisation prevents resolution of either isomer under acidic conditions. For 
example, during the unsuccessful attempts to separate the isomers by paper chromato- 
graphy, mobile phases containing optically active acids were tried, and cis-isomer 
liberated from its (-+)-camphor-10-sulphonate was optically inactive. Therefore each 
isomer was chromatographed on (-+-)-lactose,! but no optical activity could be detected 
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Fic. 7. (A) cis- or trans-Isomer (III or IV) in ethanol containing 1% of concentrated hydrochloric acid. 
(B) Same solution after treatment with excess of ammonia (e values corrected). 


Fic. 8. (A) (+)-Camphor-10-sulphonate of the cis-isomer (III) in anhydrous methanol. (B) Same 
solution with 20% of water added (e values corrected). 


in any of the eluted fractions; optical-density measurements on the fractions confirmed 
absence of extensive cis-tvans-isomerisation during the experiments. Acid-free conditions 
would be ensured if metho-(+-)-camphor-10-sulphonates were prepared by the action of 
silver (-+-)-camphor-10-sulphonate on the respective methiodides. Methiodides were 
therefore prepared from pure specimens of either isomer, and their spectra are discussed 
above. (Incidentally, the cts-methiodide was also obtained, as a crystalline residue, when 
the oil resulting from the action of methyl iodide on the mixed isomers was extracted with 
boiling ethyl acetate.) The respective metho-(+-)-camphor-10-sulphonates were prepared, 
but fractional crystallisation failed to suggest the presence of diastereoisomeric salts. 
Specimens reconverted by ion-exchange into the methiodides were optically inactive. 

Thus, all attempts so far to demonstrate optical activity in the 1 : 2-bisdiphenyl- 
methylenecyclobutane system have failed. 


#8 Bonino and Carassiti, Nature, 1951, 167, 569; Berlingozzi, Serchi, and Adembri, Sperimentale, 


Sez. chim. biol., 1951, 2, 89 ; Chem. Abs., 1952, 46, 9070 g; Berlingozzi, Adembri, and Bucci, Gazzetta, 
1954, 84, 383, 393. 





e+ @w 0OA0 DB 


— in mm & ee ae ee ee ae ae 





XUM 


[1959] Experiments in the cycloButane Series. Part V. 2471 


EXPERIMENTAL 


M. p.s are corrected. Ultraviolet spectra were measured on Unicam S.P. 500 spectrophoto- 
meters; the light petroleum used as solvent was of ‘“‘ AnalaR”’ grade, aromatic-free, b. p. 
60—80°. The curves in Figs. 1—4 (except curve D, Fig. 3) represent the mean of at least two 
determinations in each case. None of the spectra changed perceptibly during determination. 

trans-trans-1 : 4-Diphenylbuta-1 : 3-diene.-—A commercial sample was chromatographed * 
and recrystallised from hexane; it had m. p. 153—153-5°. 

trans-trans-1-p-Dimethylaminophenyl-4-phenylbuta-1 : 3-diene.—The crude product }* was 
a viscous red oil which yielded only a few needles after 3 weeks. Its solution in benzene was 
extracted twice with concentrated hydrochloric acid (dilute acid was unsatisfactory). The 
combined extracts were shaken with excess of aqueous sodium hydroxide and benzene, and 
the benzene layer was evaporated to give brown crystals. Two recrystallisations from acetone 
gave pale yellow plates, m. p. 181-5—183°. This material (0-90 g.), dissolved in redistilled 
carbon tetrachloride, was chromatographed on an alumina column (43 x 2-1 cm.), which was 
developed with chloroform, drained, and cut up. The main yellow band (which fluoresced 
green-yellow in ultraviolet light) was extracted three times with acetone, the combined extracts 
were evaporated, and the residue was chromatographed again as before. The product was 
then recrystallised rapidly from hexane, giving pale yellow, irregular hexagonal plates of the 
pure trans-trans-amine, m. p. 183-5—184° (lit.,3 181°) (Found: C, 86-5; H, 8-0; N, 5-8. Calc. 
for C,,H,yN: C, 86-7; H, 7-7; N, 5-6%). 

Notes. (a) The alumina had been activated several weeks previously; when it was freshly 
activated, two small bands of impurity failed to separate from the band of amine. (b) Solutions 
of the amine in ‘“‘ AnalaR” carbon tetrachloride and hexane, in presence of air, slowly 
deposited a red-violet precipitate: this gave a red solution in chloroform, which turned yellow- 
orange with alumina. (c) In ultraviolet light, crystals of the amine fluoresced intensely pale 
yellow-green, solutions in hexane pale blue (as 1 : 4-diphenylbuta-1 : 3-diene 7), and those in 
ethanol, acetone, or chloroform pale yellow-green. (d) For spectrophotometry solutions of 
the amine were prepared in the dark. 

cis-trans- and/or trans-cis-1-p-Dimethylaminophenyl-4-phenylbuta-1 : 3-diene.—A solution of 
the tvans-tvans-amine (17-5 mg.) in hexane (75 ml.) was illuminated? for 8 hr. Two identical 
alumina columns, (1) and (2), were then prepared (26-5 x 1-0 cm.) with carbon tetrachloride. 
The illuminated solution was evaporated and the residual oil chromatographed in carbon tetra- 
chloride on column (1); simultaneously the pure ¢vans-trvans-amine (17:5 mg.) in an equal 
quantity of the same solvent was chromatographed on column (2). Both columns were 
developed with chloroform and allowed to drain. The appearance of column (1), starting from 
the top, was then as follows: (a) 8 cm., no colour; (b) small, diffuse, pale blue band, visible 
only in ultraviolet light; (c) small orange band; (d) ca. 4. cm., main yellow zone of trans-trans- 
amine; (e) small band, similar to (b) in appearance; (f) ca. 15 cm., pale yellow zone, yellow in 
ultraviolet light. The appearance of column (2) was closely similar except that zone (d) 
occupied ca. 5 cm. and zone (f) was absent. Both columns were cut up and various fractions 
were eluted with ethanol; after removal of solvent at 40°, portions of the residues were dissolved 
in 95% ethanol for optical-density measurements. These indicated that zone (f) of column (1) 
was of cis-tvans- and/or trans-cis-amine: it yielded an oil (Amax, 364 mp; Dy564/Do9. = 2°9) which 
slowly crystallised as the tvans-trans-amine (Amax, 368 my; Dygq/Do9. = 5-4; see Fig. 2). 

cis- and trans-1-(4-Dimethylamino-a-phenylbenzylidene)-2-diphenylmethylenecyclobutane (III 
and IV).—p-Lithio-N N-dimethylaniline in ether (70 ml.) was prepared from p-bromodimethyl- 
aniline (13-6 g.) and lithium (0-95 g.).5 (+)-1-Benzoyl-2-diphenylmethylenecyclobutane (I) 
(19-6 g.) in pure benzene (40 ml.) was added to the stirred and refluxing solution during $ hr. 
Water was then added, and the product steam-distilled (2 hr.). The residual fawn-yellow 
crystals were washed with water and recrystallised twice from ethanol, giving colourless, non- 
fluorescent crystals of the (--)-olefinic alcohol (II), m. p. 158—158-5° (Found: C, 86-0; H, 6-9; 
N, 3:37. C3,.H,,ON requires C, 86-3; H, 7:0; N, 3:14%). Treatment of an ethereal solution 
of the crude alcohol with dry hydrogen chloride or aqueous hydrochloric acid gave off-white 
crystals, which fluoresced intensely pale green in ultraviolet light and decomposed at ca. 215°, 
consisting of a mixture of the hydrochlorides of the isomeric dienes (III and IV). 


14 Sachs and Weigert, Ber., 1907, 40, 4368. 
18 Gilman, Zoellner, and Selby, J. Amer. Chem. Soc., 1933, 55, 1252. 
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The whole amount of olefinic alcohol, dissolved in chloroform (brownish solution), was 
shaken with dilute hydrochloric acid (chloroform layer green), then with excess of dilute 
aqueous sodium hydroxide (chloroform layer intensely yellow), and finally ‘with water. 
Evaporation of the chloroform solution gave a viscous, yellow-brown oil, which slowly deposited 
crystals from a cooled ethanolic solution. After 1 hr. these were separated, yielding 15-7 g. 
(61%) of the mixed isomers (III and IV), m. p. 141—150° (Found: C, 89-6; H, 6-8; N, 3-25. 
Calc. for C;,H,.N: C, 89-9; H, 6-8; N, 3-3%). Stored in the dark during 1 month, the mother- 
liquor deposited 3-5 g. (14%) of the almost pure trans-isomer (IV), recrystallised as yellow rods 
from cyclohexane. Its m. p. depended upon the rate of heating: when heated slowly it melted 
at 178-5—182° after much sintering; after 5 min. at 174—176° it began to melt; placed in a 
bath at 181° and heated rapidly, it melted at 182—183° (Found: C, 90-1; H, 6-9%). Optical- 
density measurements on ethanolic solutions provided the best criterion of purity for this 
compound (D5g;/D319 = ~3°4; Dogg/D519 = ~3°1). 

(+-)-Camphor-10-sulphonate of the cis-Isomer (III).—Mixed isomers (10-5 g.) and anhydrous 
(+)-camphor-10-sulphonic acid (5-7 g.) were dissolved by warming them in pure benzene 
(10 ml.). The solution was cooled, seeded, and left overnight. (Seeds were first obtained by 
leaving the residual oil, after evaporation of such a benzene solution, in contact with dry ether.) 
More benzene (15 ml.) was then added, and the mass of almost colourless rods filtered off 
rapidly. Drying at room temperature gave 9-9 g. (61%) of the cis-(-++)-camphor-10-sulphonate, 
which fluoresced intensely pale green in ultraviolet light. It had m. p. 187-5—190° (decomp.) 
after recrystallisation, and [a],2° +17-8° (c 2; / 2 in anhydrous benzene) (Found: C, 76-3; 
H, 6-9; N, 2-1. C,H ,O,NS requires C, 76-4; H, 6-9; N, 2-1%). 

(+)-Camphor-10-sulphonate from the trans-Isomer (IV).—When the pure trans-isomer was 
used in place of the mixed isomers in a repetition of the previous experiment the same salt was 
obtained, m. p. [and mixed with the cis-(-+-)-camphor-10-sulphonate] 187-5—190° (decomp.); 
amine liberated from it (see next paragraph) had the spectrum of the pure cis-isomer (curve 
C, Fig. 3). 

Preparation of the cis-Isomer (III).—The (+)-camphor-10-sulphonate was shaken with 
excess of aqueous sodium hydroxide and ether. When all solid had dissolved the ether layer 
was separated, washed twice with water, and evaporated. The residue was recrystallised from 
cyclohexane, giving long yellow rods of the cis-isomer (III), which were dried at room tem- 
perature (Found: C, 89-9; H, 6-9%). Its m. p. was higher than that of the tvans-isomer (IV), 
but also depended upon the rate of heating; placed in a bath at 190° it melted fairly rapidly. 
Its appearance, both in visible and ultraviolet light (intense deep yellow fluorescence), was 
identical with that of the ¢vans-isomer. Optical density measurements again provided the best 
criterion of purity (D519/D3g5 = ~1°3; Dsgq/D5i9 = Doge/D319 = ~1-1)._ Two preparations, before 
recrystallisation, showed no optical activity when 4% solutions were examined in 4 dm. tubes. 

Methiodide of the cis-Isomer (I11).—The cis-isomer was dissolved in boiling methyl iodide, 
and the solution cooled and left overnight. Very pale, yellow-green rods of the cis-methiodide 
were obtained and washed with acetone. Some of the compound was recrystallised from 
acetone (Found: C, 69-6; H, 5-7; I, 22-2. C,,H,.NI requires C, 69-6; H, 5-7; I, 22-3%). 
Its m. p. depended upon the rate of heating; when placed in a bath at 193° and heated rapidly 
it melted at 194—194-5° (decomp.). It fluoresced intensely pale green in ultraviolet light. 

Methiodide of the trans-Isomer (IV).—Obtained by the same method, this salt formed 
slightly bluish rods, which fluoresced intensely pale blue in ultraviolet light (Found: C, 69-5; 
H, 5-7%). Heated slowly, it melted at 191-5—192° (decomp.); placed in a bath at 203-5° and 
heated rapidly it melted at 205—206° (decomp.); -a mixture with the cis-methiodide melted 
at 177-5—180°. 

Metho-(-+-)-camphor-10-sulphonate of the cis-Isomer (III).—Hot solutions of silver (+-)-cam- 
phor-10-sulphonate 1* (580 mg.) and cis-methiodide (974 mg.), each in methanol (20 ml.), were 
mixed and cooled, and filtered. Evaporation of the filtrate under reduced pressure yielded 
a yellow oil, which was then fractionally crystallised from aqueous acetone: four crops were 
obtained (1-04 g., 84%), each consisting of very pale, yellow-green hexagonal plates. In ultra- 
violet light these fluoresced pale green, but less intensely than the methiodide, because they 
consisted of the cis-metho-(+-)-camphor-10-sulphonate trihydrate. The first crop was recrystal- 
lised and dried at room temperature (Found: C, 70-9; H, 7-6. C,,;H,,O,NS,3H,O requires 
C, 71-0; H, 7-4%). 

18 Pope and Gibson, J., 1910, 2211. 
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This compound evolved water at ca. 130° and gave a clear melt at ca. 180°. Warmed with 
benzene it gave an opalescent solution which would not yield crystals after water had been 
azeotropically distilled from it. The water of crystallisation was removed by drying in vacuo at 
120°, which yielded an intensely fluorescent material, but rather yellow owing to decomposition. 
Placed in a bath at 212° and heated rapidly the anhydrous material melted at 212—213° (Found: 
C, 76-0; H, 7-5. C,3H,y,O,NS requires C, 76-6; H, 7-0%). 

All crops of the trihydrate, including a further one taken from aqueous methanol, had 
virtually the same rotation, [aJ,,24 +14-8° (c 0-6, 1 2 in methanol). When a solution of the 
recrystallised first crop (0-3 g.) in methanol (30 ml.) and water (10 ml.) was passed through a 
column of Dowex 1 X2 (10 g., iodide form), the eluate was optically inactive. 

Metho-(+-)-camphor-10-sulphonate of the trans-Isomer (IV).—Prepared by the above method, 
three crops (79%) of lemon-yellow needles were taken from aqueous methanol. This compound 
fluoresced intensely yellow in ultraviolet light and was not hydrated; placed in a bath at 259° 
and heated rapidly it melted at 263—-265° (decomp.) (Found: C, 76-3; H, 69%). The three 
crops from aqueous methanol, and also one from dioxan, had virtually the same rotation, 
(a],** +13-8° (c 1-6, 7 2 in methanol). lIon-exchange carried out as above yielded optically 
inactive eluate. 
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495. The Effect of Perchlorate Association on the Hydrolysis of 
Ferric Ion. 


By K. W. Sykes. 


The variation of the hydrolysis of ferric ion with perchlorate ion con- 
centration at constant ionic strength is interpreted in terms of ferric— 
perchlorate association. The association constant at 25° is estimated to be 
6-7 + 0-7 and 3-7 + 0-7 1. mole™ at ionic strengths of 0-0236 and 0-0437 
respectively. Specific interactions of this magnitude can be explained by 
Bjerrum’s theory if the ferric and perchlorate ions, at their closest approach, 
are assumed to be separated by two water molecules. 


OLson and Simonson ! showed spectrophotometrically that the extent of the hydrolysis 
of ferric ion increases as the perchlorate-ion concentration decreases at constant ionic 
strength in solutions of sodium, barium, and lanthanum perchlorates. It has been stated 
without proof that the changes can be explained by ferric—perchlorate association.” Since 
the extent to which deviations from the principle of constant ionic strength can be 
attributed to association is a question of general interest, details of an improved analysis 
of Olson and Simonson’s results are now presented. 

Calculation of Ferric—Perchlorate Association Constant.—Perchlorate ion is assumed to 
associate with Fe**+ but not with FeOH?", so the equilibria to be considered are: 


Fest + HO = FeOH**+H+t K, ..... (I) 
Fe3+ + C10," = FeCl0,2+ me sense 


The dimeric hydrolysed species Fe,(OH),** is neglected at this stage, since Milburn’s data % 
indicate that its concentration is only about 2% of that of the total iron under the con- 
ditions specified below. Calculations are therefore made to find out whether given values 
of K, and K,, assumed constant at a given ionic strength, adequately represent the 
experimental results. 

1 Olson and Simonson, J. Chem. Phys., 1949, 17, 1322. 


2 Sykes, Chem. Soc. Spec. Publ., 1954, No. 1, p. 64. 
3 Milburn, J. Amer. Chem. Soc., 1957, '79, 537. 
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If cy denotes the total iron concentration (4-7 x 10m), c,° the concentration of added 
perchloric acid (1-485 x 10m), and c, the free perchlorate-ion concentration, those of the 
other species are as follows: 


Fe**, coc,/8; FeOH?*, Kyco/8; FeClO,2*, Kacocco/B; where 8 = c, + Ky + KocyCq, 


SoS *K, + c,° 4* Kc ' 7 
WS tee —" aso 1 ee a 
ticki ie te ( : ke (*K, + a3} | oe 


Wm Ei 4+ Mad. see wo 


*K, is also equal to [FeOH**][H*)/([Fe**] + [FeClO,?*]) and is thus the conventional 
hydrolysis constant obtained when perchlorate association is ignored. The extinction 
coefficients, ¢, for Fe** and FeClO,?* and e, for FeOH?*, are assumed to be independent of 
perchlorate-ion concentration at constant ionic strength on the basis of the following 
observations on perchlorate media. There is very little change in the conventional e, for 
free and associated ferric ions at 260—360 my between ionic strengths of 0-047 and 4-7,1 
and e, at 340 my does not vary appreciably over the ionic strength range 0-0147—1-07.4 
The mean molar extinction coefficient of the ferric ion, ¢, thus becomes 
__ &o{[Fe**] + [FeCl0,?*]} + ¢[FeOH**] _ & + ¢(*K,/c}) (5) 
Co ~ «1+ (Keg) * * 

Application of eqns. (4) and (5) to two solutions, denoted by (a) and (0), of different 
perchlorate concentration but of the same ionic strength gives the following expression for 
the calculation of K,, since both K, and K,, though not *K,, may be regarded as constant 
under these conditions: 


1 esl) _ {e—a f.— a) a o 
1 + K9c9(d) (4) — &) |e, — e(0)) (2) i 


The hydrogen-ion concentrations c,(a) and c,(b) differ slightly on account of the change in 
the degree of hydrolysis of the iron, but can be estimated for each solution from the 
observed optical density by means of the relation: 


Cy = ¢y° + cole — e9)/(e, — &) i, ils tinct un 


As the observed differences in optical density do not exceed 0-023, significant results can 
only be obtained under the most favourable conditions. Analysis is therefore confined to 
the wavelengths 290—310 mu, where FeOH?* has its maximum absorption, and to the two 
more concentrated solutions where AJ, the contribution of the added sodium, barium, or 
lanthanum perchlorate to the ionic strength, is 0-02 and 0-04. Table 1, except for the 
columns “ La corr.”’ which refer to other calculations described below, gives the concen- 
trations for use in eqn. (6). The values assumed for the extinction coefficients are those 


and 





where 











TABLE 1. Concentrations and ionic strengths (mole 1.*). 


AI = 0:02 AI = 0-04 
Na Ba La La corr. Na Ba La La corr. 
BINS thtncanchbecsinnseins 1-786 1-789 1-793 1-793 1-773 1-777 1-781 1-781 
a eae 22-90 16-23 12-90 12-63 42-90 29-56 22-90 22-37 
SE -dunsientiateacbenas 23-63 23-65 23-65 22-84 43-65 43-67 43-67 42-09 


determined by Olson and Simonson ! at the same total iron concentration and at an ionic 
strength of 0-0474, and are obtained as follows by photographic enlargement of their 
Fig. 1: ¢, 372 at 290 my, 172 at 300 my, 79 at 310 my; ¢, 1910 at 290 my, 1950 at 300 my, 
1820 at 310 mu. 


* Milburn and Vosburgh, J. Amer. Chem. Soc., 1955, 77, 1352. 
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No significant differences are found in the hydrogen-ion concentrations given by eqn. (7) 
for the wavelength range 290—310 my, so only the average is listed. Decreases in the 
perchlorate concentration due to association do not exceed 0-1°% and are neglected. The 
ionic strengths are those computed subsequently, taking account of all equilibria; they 
are not appreciably altered by changes in either hydrolysis or association. 

Table 2 shows the calculated values of Ky, errors in which arise chiefly from the 
experimental errors in e(a) and e(b). If the latter are o, and o,, the standard deviation o of 
the extinction coefficient term on the right-hand side of equation (6) is given by 


ar (—%) _—*[ fe(b) — | {a =e 
= ea ty RSE oe + ae of | i 


TABLE 2. Values of K, (mole*1.). 








AI = 0-02 AI = 0-04 
Ba La La corr. Ba La La corr. 
MNES. waensccudannniemanse §544+15 6G5+t11 60410 31408 51405 47405 
SED iadcencnspectensnoues 65+14 90409 84409 37407 43405 40+ 04 
MENU ucdincticenstingcees 67+14 78409 73409 27407 %414+05 3840-4 
Average Over my ......... 62+07 78+13 7-2 + 12 32405 45:+05 42405 
Average over Ba & La... — 7TO0+11 67+07 — 38+09 3:7+0-7 


The errors in the first three rows of Table 2 are calculated in this way, assuming that o, 
and o, correspond to an uncertainty of +-0-001 in the optical density, which is the accuracy 
to which Olson and Simonson reported their data. These predicted errors cover adequately 
the standard deviation of the average of the K, values for the various wavelengths as 
listed in the fourth row, so the analysis is independent of wavelength over the range 
considered. At each ionic strength, however, K, is higher for the lanthanum than for the 
barium solution, though the differences are comparable with the predicted errors. 
Differences in this sense are to be expected if the lanthanum associates with perchlorate, 
so it is necessary to estimate the possible effect of such association. 

As La3+ has the same charge as Fe+ and the small difference (0-55 A) in crystal radius 5 
is unlikely to be important because the ions are highly hydrated, the lanthanum-perchlorate 
association constant is assumed equal to the ferric value as given by the average of the 
barium and lanthanum results in the fifth row of Table 2. The ionic strengths of the 
lanthanum solutions are now decreased as in the “ La corr.”’ columns of Table 1, and 
neither K, nor K, can strictly be considered constant. Equation (6) must be replaced by: 


1 + K,(a) .¢o(a) _ (8 =ols howe si ¢,(b) . Ky(a) . (9) 
1+ K,(6) g(a) \e(a) — eof ley — e(O)f cy(@)-Ky0) 
and the changes in K, and K, estimated as follows: 
K,(a) _ *K,(a ateae + K,{a) . in} (10) 
K,(b)  *Ky(6) (1+ K,(6)-T()f * 7 7 
*K,(a) et ais 4AA{T(a )— 1*(b)} : (11) 
*K,(b) {1 + 2-4074(a)}{1 + 2-4014(6)} ~ foe 
K,(a) _ een (12) 
K,(6) {1 + 3-5274(a)}{1 + 3-5274(B)}. 


Eqn. (10) follows from eqn. (4) and the fact that *K, is conventionally measured in sodium 
perchlorate solution of perchlorate-ion concentration closely approximating to the ionic 
strength. Eqn. (11) expresses the variation of *K, with ionic strength as determined 
experimentally by Milburn*; A is the Debye—Hiickel constant equal to 0-509 at 25°. 
Eqn. (12) describes the variation of K, with ionic strength on the assumption that the 


5 Pauling, The Nature of the Chemical Bond,” Cornell University Press, New York, 1940, p. 346, 
350. 
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closest approach of the free ions is the Bjerrum distance q of 10-7 A for a 3 : 1 electrolyte.® 
Although this procedure cannot strictly be justified for mixed electrolytes, the error 
cannot be large since the differences between K,(a) and K,(}) are estimated to be less 
than 1%. The values of K, calculated in this way are shown in the “ La corr.”” columns 
of Table 2; no great error is made by neglecting the lanthanum association, but the new 
values approach the barium ones more closely and their averages with the latter are the 
best estimates which can be derived from the present data. 


Fic. 1. Comparison of observed — density differences! with curves calculated from K, = 6-7 for 
= 0-02 and 3-7 for AI = 0-04. 
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A: La; AI =0-02. B: La; AT =0-04. C: Ba; AIT =0-02. D: Ba; AI = 0-04. 


Calculation of Optical-density Differences—To calculate the differences in optical 
density over the whole range 260—360 my from the final values of K,, *K,(a) for the 
sodium solutions is found from 


Ko) = {89 — Sha Ro ee ca hk he ot oe 


Data for 290—310 my give 3-17 and 2-80 x 10°. mole 1. for the lower and higher ionic 
strengths. Since K, is known, *K,(d) is obtained from 


*K(}) — *K + K,(b) . ¢2(b) | Ky (6) 
K,(0) = *K,(a) {i T+ Ke) marae .i2« oi 


For the barium solutions K,(a) = K,(b) and K,(a) = K,(b). For the lanthanum solutions 
the ratios K,(a)/K,(b) and K,(a)/K,(b) are estimated by eqns. (10)—(12) from the change 
in ionic strength due to lanthanum-perchlorate association. As c, must be obtained from 
eqn. (3), the optical density differences AD for 1 cm. cells are conveniently found from 


AD = (e, — e9){c,(b) —c,(a)} . - . « « (15) 


Fig. 1 shows the calculated values as curves and the observed differences as vertical 
lines of +-0-002 corresponding to the uncertainty of +-0-001 in the individual measurements. 


* Bjerrum, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd., 1926, '7, No. 9. 
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The general form of the results is well reproduced, but there are appreciable deviations at 
260—270 my and 330—350 my. Failure of the simple analysis in these regions is also 
indicated by the optical densities of the sodium solutions. At 290—310 my they are 
within 0-001 of the values calculated from Olson and Simonson’s extinction coefficients and 
the hydrolysis constants given above, but differ by up to 0-017 at 260 mu and 0-008 at 
340 my. Presumably another species, such as Fe,(OH),**, which has its maximum 
absorption at 340 my,‘ contributes. On account of its higher charge, the dimer should 
associate more strongly with perchlorate than FeQH** does, and so be more stable in the 
sodium than in the barium or lanthanum solutions. The maximum possible decrease in 
optical density, AD’, which would occur if there was no dimer in the lanthanum solution, 
is equal to ca{eg — 2e(a)}/(1 — 2ca/co), where cq is the dimer concentration (0-99 and 
1-12 x 10m at the lower and higher ionic strengths according to Milburn’s constants %) 
and ¢, its extinction coefficient (3000 at 340 my‘). The corresponding values of AD’ are 
0-019 and 0-022, whereas the observed optical-density differences AD at 340 my are less 
than those calculated from the simple analysis by 0-004 and 0-007 respectively; changes 
of 20—30% in the dimer concentration would thus account for the discrepancies. The 
value of eg is not known at other wavelengths, but as it decreases from its maximum and 
approaches 2e(a), the correction should become negligible. Dimer is clearly a possible 
interfering species, but further experiments would be needed to establish its réle with 
certainty. 

Comparison with Bjerrum’s Theory and Interatomic Distances.—Since the association 
constant K, describes the experimental results satisfactorily, its theoretical significance 
must be considered. In the absence of an adequate fundamental theory of activity 
coefficients in mixed electrolytes of finite concentration, it is not possible to calculate 
accurately the distance at which the ionic interactions cease to depend specifically on the 
perchlorate concentration and become a function of the ionic strength in general. How- 
ever, an intuitive approximation, which is compatible with the known properties of the 
ions, is to regard the Bjerrum distance q for ferric perchlorate as the critical radius. 

As Brown and Prue? have emphasised, the same distance of closest approach of the 
free ions (d) must be used for extrapolation to zero ionic strength as for the upper limit of 
integration in Bjerrum’s theory. The previous use? of the Davies activity coefficient 
function is therefore replaced by extrapolation according to eqn. (12) which makes d equal 
to10-7A. Extrapolation of the limits assigned to K, at the lower and higher ionic strengths 
gives 12-1—14-9 and 7-0—11+3 1. mole. According to Bjerrum’s theory * and Guggen- 
heim’s table of integrals,’ the corresponding distances of closest approach of the associated 
ions (a) are 8-2—9-5 A. If FeOH®* and ClO,~ are similarly séparated, the absence of 
association assumed above is understandable, since g for a 2: 1 electrolyte is only 7-1 A. 
The size of a implies considerable hydration of the ions, as might be expected from the 
formula of the normal hydrate, Fe(C10,)3,9H,O, the hygroscopic nature of Fe(C10,)3,6H,O, 
and the absence of lower hydrates.® The structures of these hydrates are unknown, but 
LiCl0,,3H,O, which has been studied by West,” is a useful model since Lit and Fe** have 
the same crystal radius of 0-6 A.5 Fig. 2(a) is a projection of the metal atom surrounded 
octahedrally by six water molecules, two of which are hydrogen-bonded to a perchlorate 
ion. The M-Cl distance should be approximately the distance apart in solution of ferric 
and perchlorate ions separated by one water molecule; it is not listed by West,! but is 
equal to 4/{(a9/+/3)? + (c/4)?], which is 4-65 A with the unit-cell dimensions ay = 7-71 A 
and cy = 5-42 A. Fig. 2(6) shows the probable configuration with two water molecules 
between the ions; the separation is increased by 2-76 A, the O-O distance in ice, to 7-41 A. 
Addition of ionic and molecular radii, 2-8 A being assumed for the diameter of a water 


7 Brown and Prue, Proc. Roy. Soc., 1955, A, 282, 320. 

§ Guggenheim, Discuss. Faraday Soc., 1957, 24, 53. 

® Gmelin’s Handbuch der anorganischen Chemie, 59, Fe(B), 321. 
10 West, Z. Krist., 1934, 88, 198. 

11 Barnes, Proc. Roy. Soc., 1929, A, 125, 670. 
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molecule " or the radius of a perchlorate ion,! gives 6-2 A for the insertion of one water 
molecule and 9-0 A for two. The distance of 8-2 


constant thus leaves room for two, but not three, water molecules between the ions. 





Fic. 2. Configuration of Fe** and ClO,” separated by (a) one and (b) two molecules of water. 


These conclusions are consistent with the only other data on tervalent perchlorates 
which appear to be available for comparison. Spedding and Jaffe 13 estimate, from the 
electrophoretic term of the conductivity equation, a minimum ionic separation of about 
7 A for a number of rare-earth perchlorates. The conductivities of these salts approach 


the limiting-law values without any marked indication of association, which also implies 
that a must be close to g. 


CHEMISTRY DEPARTMENT, QUEEN Mary COLLEGE, 
(UNIVERSITY OF LonpDoN), Lonpon, E.1. [Received, February 20th, 1959.) 


12 Bragg, “‘ The Crystalline State,” Bell, London, 1939, Vol. I, p. 129. 
18 Spedding and Jaffe, J. Amer. Chem. Soc., 1954, 76, 884. 





496. Unstable Intermediates. Part VIII.* Magnetic and Spectro- 
photometric Studies of Dilute Solutions of Sodiwm in Ammonia. 
By H. C. CLark, A. HorsFIetp, and M. C. R. Symons. 


The shape, oscillator strength (0-65 + 0-05), and temperature-dependence 
of the 6700 cm." band of solutions of sodium in ammonia are very similar 
to the corresponding properties of the F-band in alkali halide crystals. 
Addition of sodium iodide results in a small shift of this band to higher 
energies and the appearance of a new band at about 12,500 cm... At 
77° kK these solutions set to clear blue glasses without precipitation of metal. 
Their electron resonance spectra are single symmetrical lines centred on the 
free-spin value with a width between points of maximum slope of 4-6 gauss. 
Prolonged photolysis with a tungsten filament lamp has no effect on the 
glasses. The results are discussed in relation to current models for these 
solutions and it is concluded that they are best explained by the “ solvent- 
cavity ”’ theory. 


MAGNETIC studies have shown that, for metal concentrations less than about 0-1M, at 

least two species are present in metal-ammonia solutions, one being diamagnetic (e, 

species) and one paramagnetic (e, species).»* Below about 10° the e, species is almost 
* Part VII, J., 1959, 963. 


1 Freed and Sugarman, J. Chem. Phys., 1943, 11, 354. 
2 Hutchison and Pastor, ibid., 1953, 91. 1959. 
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completely dissociated. These species are characterised by electronic absorption bands 
at about 15,000 cm. and 6700 cm.* respectively.*4 

Of the many theories for these solutions, two seem to be suitable and widely accepted. 
The “‘ expanded-metal”’ theory depicts the e, species (or “ monomer’’) as a solvated 
sodium ion with the valency electron moving in an expanded orbital which embraces the 
cation and the first layer of oriented solvent molecules. The e, species is a weakly bonded 
“dimer” consisting of two such units having their valency electrons antiparallel in a 
molecular orbital covering both units.56 The alternative ‘“ solvent-cavity”’ theory 
presents single or paired electrons in cavities defined by oriented solvent molecules and 
similar to the cavities which would remain if the negative ions of a dissolved electrolyte 
were removed from solution. In other words, the electrons occupy negative-ion vacancies 
and hence these resemble F and F’ centres in alkali halide crystals. 

Results of nuclear resonance ® and X-ray scattering ? studies have been interpreted in 
terms of the expanded-metal theory, but neither study could be extended to cover dilute 
solutions. This work was undertaken in an attempt to choose between the two models 
for the e, species, and was based on the following precepts: (i) That addition of a 
sodium salt to solutions of sodium in ammonia should favour the formation of monomer 
and dimer units at the expense of e, cavity units, and (ii) that if monomer units were 
present in relatively large concentration, electron spin resonance spectra of rigid solutions 
should show hyperfine lines characteristic of the nuclei of the cations. 


EXPERIMENTAL AND RESULTs. 


Preparation of Solutions.—The apparatus shown in Fig. 1 was used for the preparation and 
manipulation of sodium-sodium iodide—-ammonia solutions. 


Fic. 1. Apparatus used for preparation of solutions of sodium in ammonia. 











The dried electrolyte was shaken into bulb D, and metallic sodium was placed in A which 
was then sealed off. The whole apparatus was evacuated through the B10 joint C,, and well 
flamed to remove moisture. When gently heated, the metal ran into bulb B through con- 
striction C, which was then sealed off. Ammonia, which had been dried by condensation on 
metallic sodium, was distilled into D via C,, and was then allowed to melt and dissolve the 
electrolyte. By rotation of the apparatus about joint C,, the ammonia solution was poured 
back and forth between bulbs D and B, until a blue solution of suitable optical density was 
obtained. Part of this solution was then poured into the optical cell G, this being of fused 
silica and with a light path of 0-1 mm. Surrounding the cell, with the exception of the light 
path, was a Perspex box containing a coolant, usually an alcohol-solid carbon dioxide mixture. 
After the cell had been removed for spectral measurements, the joint C, was stoppered and, 
with the remaining ammonia solution frozen, the apparatus was again evacuated through C,. 
When the solution had melted, it was poured into the paramagnetic resonance sample tubes 

3 Fowles, McGregor, and Symons, /., 1957, 3329. 

4 Symons, Quart. Rev., 1959, 18, in the press, 

5 Becker, Linquist, and Alder, J. Chem. Phys., 1956, 25, 971. 

® McConnell and Holm, ibid., 1957, 26, 1517. 

7 Schmidt, ibid., 1957, 27, 23. 
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E and F which were then sealed off and removed. Spectral and paramagnetic resonance 
measurements were thus made on samples of the same solution. 

Addition of sodium iodide reduced the stability of dilute metal solutions considerably, 
despite all precautions, and solutions nearly saturated with salt were too unstable for spectro- 
scopy. All attempts to prepare stable solutions containing lithium salts failed. 

Spectra.—The spectral measurements were made with a Cary model 14 recording spectro- 
photometer. During all measurements, dry nitrogen was passed through the cell compartment 
to prevent condensation of moisture on the optical windows. 

Typical spectra are shown in Fig. 2. Even in the absence of sodium iodide the spectra are 
asymmetric, being broadened on the high-energy side. This asymmetry might be caused by 
very weak unresolved components at higher energies than the main band, but the recorded 
trace, which is plotted on a wavelength scale, is remarkably symmetrical throughout the whole 


Fic. 2. Near-infrared spectra of solutions of sodium in ammonia. 
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Curve A. Sodium in ammonia (5 x 10m). 

Curve B. Sodium in ammonia + sodium iodide (ca. 0-1). 

Curve C. Curve B extended to higher wavenumbers: optical density scale is doubled. The curves 
shown by dotted lines were derived by shifting Curve A until its peak coincided with that 
of B and then subtracting. 


of the band, and shows no sign of unresolved components. A similar phenomenon is found for 
F bands in alkali halide crystals, and may arise because of the dependence of oscillator strength 
on transition energy. An estimate of the bands responsible for the shoulders found in the 
spectra of solutions containing sodium iodide was obtained by subtracting the main band, it 
being assumed that the new band contributed nothing at 6700 cm.-!. This new band is also 
markedly asymmetric, possibly because of the presence of a third band in the 15,000 cm.+ 
region. 

Extinction coefficients were estimated by direct comparison of optical densities and the 
areas under integrated electron spin resonance signals. We find e,,,°°°~4 x 10%. Hence, 
an oscillator strength for the 6700 cm.-! band of 0-65 + 0-05 was measured by graphical inte- 
gration of the whole spectrum. (In arriving at this value we have omitted the internal field 
correction, which should be quite small for these solutions.) 

The concentration of metal in these solutions was about 5 x 10m. With the cells available 
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we were unable to study more concentrated solutions near the band maximum, but the short- 
wavelength edge of more concentrated solutions always showed a well-defined shoulder in the 
15,000 cm. region. 

Electron Spin Resonance.—The electron spin resonance measurements were made at 9000 
Mc./sec, on a spectrometer in which a small modulation field at 10 kc./sec. was superimposed 
on the slowly varying main magnetic field, to give the derivative of the absorption line as the 
main field was swept through resonance. The 10 kc./sec. signal was mixed with a crystal- 
controlled 10-090 kc./sec. frequency and detected at 90 c./sec. with a mechanical, phase sensitive, 
chopper detector. The samples, in 5 mm. Pyrex tubes, were placed in the Hj. rectangular 
cavity which was used in transmission and which could be maintained at 77° k by immersion in 
an insulated reservoir containing liquid nitrogen. 

Frozen solutions containing sodium iodide were transparent blue glasses in contrast to 
solutions containing no added salt, which freeze to grey opaque masses containing small 
colloidal metal particles. Unfortunately the glasses invariably cracked so badly that their 
absorption spectra could not be recorded. 

The electron spin resonance spectra were perfectly symmetrical gaussian curves centred on 
g = 2-002 with no sign of hyperfine structure. The width between points of maximum slope 
(AHys) was 4-6 gauss, which is appreciably greater than the width for precipitated sodium 
(3-5 gauss). 

Photolysis —Glasses were irradiated at 77° kK with light from a tungsten-filament lamp 
passed through several thicknesses of soda-glass. There was no gain or loss of colour after 
irradiation for 24 hr., and the electron spin resonance spectra were not altered. 

Equilibria.—Becker et al. assumed equilibria (1) and (2) and found values for K, and Kk, 
from the magnetic data of Hutchison and Pastor ? and Freed and Sugarman: ? 


Ma =M*+e; K,=(™M*yey/M ...... () 
2M <2 Mi, ; K, = [M,]/[M]? Se 
(M = monomer; M, = dimer) 
kK, for potassium was relatively insensitive to changes in temperature, and close to the value 
0-05 estimated by Kraus from conductivity data.* KK, increased markedly with decrease in 


temperature. No great weight can be placed on these figures, or on equilibrium co.:cen- 
trations estimated by their use, since concentrations have been used instead of activities. 


Concentrations based on K, = 0-05 and K, = 10°. 


No. e Nat M M, Total Na 

1 5 x 10° 5 x 10° 5 x 10° 2-5 2-6 

2 2-2 x 10° 2-2 x 10° 1 x 10° 0-1 0-132 

3 1 x‘'10? 1 x 10? 2x 10° 4x 10° 1-6 x 10° 
4 1 x 10° 1 x 10° 2x 10°5 4x 10” 1:02 x 10% 
5 1 x 10“ 1 x 10% 2x 10” 4x 10 1-002 x 10% 
6 1 x 10-4 1 x 10° 2 x 10~ 0-4 x 10-4 34 x 10 


However, a rough idea of the composition of various solutions can be obtained and some 
estimates are given in the Table, rounded values of 0-05 and 10° for K, and K, being used. 
The most significant conclusion to be drawn is that in very dilute solutions in the absence of 
added salt the concentrations of monomer and dimer are negligibly small. 


DISCUSSION 

Equilibrium (1) is an essential part of the expanded-metal theory since, without it, 
the high conductivities of dilute solutions of metals would be incomprehensible. The 
results show that the monomer is a minor constituent in dilute solutions. We conclude 
that the infrared band cannot be a property of the monomer because the very high 
oscillator strength of 0-65 is based upon the assumption that all the unpaired electrons are 
involved in the transition. Therefore this transition must be due to electrons which are 
not bound to sodium ions; these electrons are certainly bound in some way and we suggest 
that the e, cavity model is a good description of their ground state. 

® Kraus, J. Chem. Educ., 1953, 30, 86. 
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Taking this in conjunction with other considerations,® we can now present an overall 
picture of dilute solutions of metals in ammonia. That is, expanded-metal dimer units, 
responsible for the band at 15,000 cm.+,® dissociate on dilution, via monomer, into cations 
and e, cavities, the latter absorbing at 6700 cm.1. Further, we tentatively ascribe the 
12,500 cm. band to monomer units, which are found in detectable amounts only in the 
presence of excess of cations. 

This overall picture differs from that of Becker e¢ al.5 in that it retains the concept of 
electrons in cavities of oriented solvent molecules, and makes these units responsible for 
the 6700 cm. band instead of monomer units. 

Some general consequences of this model will now be considered. 

Spectra.—Any constraint favouring monomer must also favour dimer (cf. col. 6 of the 
Table). Most spectra showing the 12,500 cm.+ band also showed signs of a shoulder at 
15,000 cm. which, we suggest, is due to very small concentrations of dimer (see Fig. 2). 

The absorption spectra for corresponding alkali-metal atoms and dimeric molecules 
furnish a basis of comparison with the spectra assigned to monomer and dimer units. 
The atoms have intense transitions in the 14,000 cm.+ region (P «—S) which fall 
between the 1Z,,* «—14Z,* and 411, «—1Z,* transitions of the corresponding molecules. 
There is a trend to lower energies on going from sodium to cesium for all bands, and the 
two bands for the molecules converge. By analogy, one would expect a doublet for the 
dimer. However the separation between the two transitions for Cs, is only about 3000 
cm.*, which is less than the width at half-height for the 15,000 cm. band.” This band 
could therefore be a closely spaced doublet. 

Again, by analogy, the monomer should have a single intense band in the 15,000 cm. 
region, so that the tentative allocation of the 12,500 cm.+ band to this unit is not 
unreasonable. Although the spectra of dimer and monomer must be a function of the 
cation, nevertheless the orbitals are so diffuse that the major réle of the cation must be to 
provide a positive centre, so the apparent independence of band maxima on the nature of 
the cation is not surprising. 

Differences between cations become apparent in amine solvents: thus lithium and 
calcium in dilute solution in amine solvents have spectra which are dominated by the 
infrared band whereas solutions of the other alkali metals absorb largely in the 15,000 cm. 
region. We suggest that the monomer units must have a relatively high surface-charge 
density for the former, which may tend to reduce the probability of dimerisation. 

Magnetism.—McConnell and Holm ® estimated a value for P(Na), the density of the 
sodium nucleus at the unpaired electron, equal to 5 x 10° x P°(Na), the computed 
value for a 3s electron. From this, and the estimated value for the hyperfine splitting 
constant for sodium atoms ™ we find that an electron spin resonance spectrum consisting 
of four equally intense lines with an overall splitting of about 5 gauss should be observed 
if monomer units were the major paramagnetic component. Under conditions favouring 
rapid exchange processes such as (1) and (2) this hyperfine structure might be lest, but such 
reactions should not occur in a rigid glass. The shape and width of the observed single 
line are incompatible with this conclusion unless contact with hydrogen and nitrogen 
nuclei broaden the individual lines of the quartet beyond the limit of resolution. 

Kaplan and Kittel }* have shown that if the unpaired electrons existed in solvent cavities 
and moved in orbitals built up largely from 1s orbitals of the solvent hydrogen atoms on 
the periphery of the cavity then, in the absence of line narrowing due to fluctuations of the 
solvent molecules, a line width of 10 would be expected. (€ is a measure of the effective 
s character of the molecular orbital on hydrogen and is probably close to unity.) The 
experimental width of 4-6 gauss is quite close to this estimate, so the line could be due to e, 


* Symons, J. Chem. Phys., 1959, 30, in the press. 

10 Blades and Hodgins, Canad. J. Chem., 1955, 38, 411. 

11 Kip, Kittel, Levy, and Portis, Phys. Rev., 1953, 91, 1066. 
12 Kaplan and Kittel, J. Chem. Phys., 1953, 21, 1429. 
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cavity units of this type, though Knight shift studies do not seem in accord with this 
extreme situation. 

McConnell and Holm * found relatively large Knight shifts for Na and 44N nuclear 
resonance lines but no shift for the 4H line. Measurements could not be extended to cover 
concentrations less than about 0-1M, so the relative amount of paramagnetic species was 
always small. The shifts for sodium seem to provide good evidence for the existence of 
monomer units, and the decrease in P(Na) over the range 0-4—0-Im is in accord with 
equilibria (1) and (2). 

Pitzer has shown that the large shift for nitrogen, and the small shift for hydrogen, 
could arise if NH,~ ions are formed, the extra electrons moving in orbitals which are 
“* 3s-like ” for nitrogen.!* If such an orbital had a node close to the hydrogen atoms then 
hyperfine contact interaction with protons would be small.4* Further details are not 
given. Three extreme cases can be visualised. In one, the unpaired electrons move only 
on ammonia molecules directly solvating cations or on the periphery of cavities. Another 
would allow the electron freedom to move throughout the solution rather like a conduction 
electron. The third consists of NH,~ ions as distinct entities, solvated in the normal way. 

The “‘ conduction-electron ”’ model is not compatible with the results of spectrophoto- 
metric, conductimetric, or electron resonance studies. The solvated NH,~ model is 
similar to an e, cavity model with an ammonia molecule at the centre, since oriented 
solvent molecules are needed to provide bonding. We prefer the simple e, cavity model 
for the following reasons: 

(i) If the Knight shift arises because of contact hyperfine interactions between electrons 
and single nitrogen nuclei then, when the solutions freeze, such units should cause marked 
hyperfine splitting of the electron spin resonance spectra. A rough estimate of the expected 
splitting can be derived by using the experimental value for P(N) of 4-5 x 10% cm.% 
obtained from the Knight shift. Using a = 2-7mug*uyP(N)/Iy, where a is the hyperfine 
splitting constant in gauss, and the other symbols have their usual significance,“ we obtain 
a~75 gauss. We conclude that each unpaired electron must be distributed over a fairly 
large number of ammonia molecules since a single narrow line is obtained. 

(ii) On the basis of the solvated NH,~ model one would predict an increase in P(N) 
on dilution which would parallel the decrease in P(Na). If, however, the electron, 
bonded primarily by the central positive charge due to either cations or oriented solvent 
molecules, moves, when sufficiently close, in the lowest-energy vacant molecular 
orbitals of the solvent molecules, then this insensitivity to changes in concentration is 
understandable. - ‘ 

If these orbitals are as Pitzer has suggested, then the lack of shift for hydrogen is 
accommodated. However the general picture may still hold even if these orbitals do not 
have nodes at the hydrogen nuclei. The small shift does not necessarily mean that 
hyperfine contact interaction does not occur; indeed the results of Carver and Slichter, 
who studied the Overhauser effect in metal-ammonia solutions, seem to show that such 
interaction is quite strong.*15 The unpaired electron density for 1s electrons on hydrogen, 
P®(H), is 2:1 x 10% cm.*%, which is less than the measured value for nitrogen. If the 
estimate ® that P(H)/P(N) < 0-4 is correct for 0-1M-solutions, then no shift would have 
been detected even if the paramagnetism were due to free hydrogen atoms. Also, dipolar 
interaction between electrons and protons would shift the nucleat resonance spectra in a 
direction opposite to the Knight shift and would help to cancel any shift due to contact 
interaction. This is the case for the effect of certain paramagnetic ions on the hydroxyl- 
hydrogen atom of ”-propyl alcohol.!® 

Photolysis.—It seems probable that if electrons are ejected from their bonding sites 


13 Pitzer, J. Chem. Phys., 1958, 29, 453. 

14 Carver and Slichter, Phys. Rev., 1956, 102, 975. 

15 Van Vleck, Nuovo cim. (Suppl.), 1957, 6, 1081. 

16 Phillips, Looney, and Ikeda, J. Chem. Phys., 1957, 27, 1435, 
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they return to the same type of site rather than choosing new ones. [If sufficiently trans- 
parent glasses can be prepared, spectroscopy should decide this question. This is a 
surprising result in view of the high concentration of “‘ monomer sites ’’ in the glass, and 
may mean that the electrons are not totally ejected under the conditions used, or that 
concurrent photo-ionization of monomer units is more efficient. This result is in marked 
contrast with that of Linschitz, Berry, and Schweitzer!” who found that photolysis of 
rigid solutions of lithium in mixed solvents containing methylamine resulted in very rapid 
bleaching of the band at 16,500 cm.+, paralleled by general increase in extinction in the 
near infrared region with a very broad maximum in the 12,000 cm. region. If the 
16,500 cm. band is a property of the dimer, then the photolysis could follow various paths, 
the most probable being ejection of both electrons into shallow traps in the rigid solvent. 


One of us (M.C.R.S.) thanks Professor C. A. McDowell for his kind hospitality, the 
University of British Columbia for the award of a visiting Associate Professorship during the 
tenure of which this work was carried out, and Dr. J. W. Hodgins for the loan of a 0-1 mm. cell. 
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497. The Broad-line Proton Resonance Spectrum of Iron Carbonyl 
Hydride. 


By E. O. BisHop, J. L. Down, P. R. Emtace, R. E. RICHARDs, and 
G. WILKINSON. 


The broad-line nuclear magnetic resonance spectrum of iron carbonyl 
hydride, H,Fe(CO),, has been measured at 20°K. The expected doublet 
structure was not observed, probably owing to either traces of impurity or 
zero-point proton vibration. The second moment, treated as being due to a 
proton-pair signal, leads to an interproton distance of 1-88 + 0-05A. This 
value is considered in terms of various structures for the compound and it is 
concluded that the hydrogen atoms are bound directly to the metal atom with 
the Fe-H distance being ca. 1-1 A. 


SINcE the discovery of iron carbonyl hydride, H,Fe(CO),, by Hieber and Leutert,! other 
transition-metal carbonyl hydrides have been claimed, but of these only the cobalt 2? and 
manganese * compounds have been well characterized. Until recently, the iron and 
cobalt compounds were the only examples of transition-metal complex hydrides, but other 
types, with x-cyclopentadienyl *5* and substituted phosphine? and cyanide *® ligands, 
as well as mixed x-cyclopentadienyl-carbony] ®111 hydrides, are now known. 

The structure of the iron and cobalt carbonyl hydrides, and particularly the exact 
nature of the binding of the hydrogen atom in the compounds (a problem which applies 
also to the other complex hydrides), has been the subject of considerable speculation. 


1 Hieber and Leutert, Naturwiss., 1931, 19, 360. 

2 Coleman and Blanchard, J. Amer. Chem. Soc., 1936, 58, 2160; Hieber, Angew. Chem., 1936, 49, 
463. 
Hieber and Wagner, Z. Naturforsch., 1958, 18b, 339. 

Birmingham and Wilkinson, J. Amer. Chem. Soc., 1955, '77, 3421. 
Green, Pratt, and Wilkinson, J., 1958, 3916. 

Green and Wilkinson, unpublished work. 

Chatt, Duncanson, and Shaw, Proc. Chem. Soc., 1957, 343. 
Griffith, Pratt, and Wilkinson, Nature, 1958, 182, 466. 

Griffith and Wilkinson, /., in the press. 

Fischer, Hafner, and Stahl, Z. anorg. Chem., 1955, 282, 47. 

Piper and Wilkinson, J. Inorg. Nuclear Chem., 1956, 3, 104. 
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The earliest view of the binding of hydrogen was that suggested by Hieber,” in which 
the hydrogen atoms were considered to be embedded as protons in the electronic core of 
the metal atom, the groups H,Fe and HCo functioning as pseudo-metal atoms of atomic 
number 28; the molecules H,Fe(CO), and HCo(CO), were thus comparable with Ni(CO),. 

Ewens and Lister,!* whilst proving by electron diffraction the tetrahedral disposition 
of CO groups in H,Fe(CO), and HCo(CO),, suggested that electron transfer from hydrogen 
to the metal occurred, with linkage of the proton to the lone pair of the oxygen atoms to 
give a linear C-O-H group isoelectronic with the NO group in metal nitrosyls and nitrosyl 
carbonyls. This suggestion, although consistent with the inert-gas rule formalism, can be 
ruled out by infrared studies on HCo(CO),,1*15.16 where no hydroxyl stretching frequency 
was observed, by the low parachor contribution of the hydrogen atoms, which implies that 
they do not project beyond the van der Waals diameter of the M(CO), skeleton,!” by high- 
resolution nuclear magnetic resonance measurements on HCo(CO),,14 H,Fe(CO),,!® and 
m-C;H;M(CO),H (M = Cr, Mo, W),! where the observed proton shifts cannot be reconciled 
with bonding to oxygen, and by data discussed below. 

In connection with infrared measurements on HCo(CO),,!5 Edgell and Gallup 18 suggested 
a structure (I) in which the hydrogen atom bridged three carbon monoxide groups, with 
subsidiary linkage to the metal atom, the bonding electrons being considered to occupy 
eight-centred molecular orbitals derived from carbon monoxide z-orbitals, the d, orbital 
of the metal, and the Is orbital of hydrogen in a molecule of C3, symmetry. Calculations 
of overlap integrals showed that these become a maximum at a Co-H distance just under 
2 A, and it was inferred that the proton is located in this vicinity. Energetic considerations 
led to the view that little bonding between the metal and hydrogen atoms is involved. 
This suggestion was held to be consistent with the large proton chemical shift in HCo(CO), ™ 
(15 parts per million to the high-field side in water) and with the low value, 703 cm."}, of 
the only infrared vibration attributable to hydrogen.!>16 

If correct, this view should apply to the structurally and chemically similar iron 
carbonyl hydride, but it was pointed out 1 that the acid constants of H,Fe(CO),, pK, = 
ca. 10° and pK, = ca. 104, are more consistent with the binding of the hydrogen atom 
directly to the metal atom, and that the low value of the infrared vibration associated with 
hydrogen [confirmed by study of DCo(CO),] need imply no more than a weak metal- 
hydrogen bond, in keeping with the low thermal stability of HCo(CO), and H,Fe(CO),. 
In support of this view, in HMn(CO), # the hydrogen vibration, assigned as a M-H stretch, 
lies at 1783 cm.-1, whilst in other complex hydrides absorptions are found in the 2000 cm. 
region.5.20 - 

Further evidence against the suggestion by Edgell et al. was provided by a reconsider- 
ation of their work by Cotton; the original overlap calculations contained an error and 
a correct application of the mathematics leads to greatest total overlap at a Co-H distance of 
ca.1-2A. This result thus indicates significant bonding of hydrogen to the metal atom and 
further alteration in this direction could be achieved by use of a 3d,—4$, hybrid orbital 
forcobalt. Cotton, with Edgell e¢ al., places the hydrogen atom on the C, axis of HCo(CO),. 

A different view of the structure of the carbonyl hydrides was provided by Liehr; * 
direct bonding between the metal and hydrogen is again envisaged. The assumed tetra- 
hedral symmetry of the M(CO), skeleton involves bonding of the carbon monoxide ligands 


12 Hieber, Die Chemie, 1942, 55, 25. 

13 Ewens and Lister, Trans. Faraday Soc., 1939, 35, 681. 

14 Friedel, Wender, Shufler, and Sternberg, J. Amer. Chem. Soc., 1955, 77, 3951. 
15 Edgell, Magee, and Gallup, ibid., 1956, 78, 4185. 

16 Cotton and Wilkinson, Chem. and Ind., 1956, 1305. 

17 Hieber, Seel, and Schneider, Chem. Ber., 1952, 85, 647. 

18 Edgell and Gallup, J. Amer. Chem. Soc., 1956, 78, 4188. 

18 Cotton, Down, and Wilkinson, J., 1959, 833. 

20 Chatt, Duncanson, and Shaw, Chem. and Ind., 1958, 859. 
*1 Cotton, J. Amer. Chem. Soc., 1958, 80, 4425. 

22 Liehr, Z. Naturforsch., 1957, 12b, 95. 
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to the metal atom by sf® hybridized metal orbitals. The doubly occupied d,,, d,., and 
d,. orbitals of the = 3 shell enter into dative x-bonding with the ligands, but the de- 
generate d»-d»_,s orbitals are nom-bonding with respect to the ligands. They are, 
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however, bonding with respect to the 1s orbital of hydrogen, and Liehr suggested that the 
protons are embedded in these orbitals in the direction of maximum electron density. In 
HCo(CO), one, and in H,Fe(CO), two, hydrogen atoms are located on the four-fold rotation— 
reflection axes of the M(CO), tetrahedron, each proton in H,Fe(CO), being symmetrically 
placed between two carbon monoxide ligands (II). No optimum metal—hydrogen distance 
was suggested. 

Thus we conclude that, although it is strongly suggestive of direct metal-to-hydrogen 
bonding, existing physical and theoretical evidence does not prove the fact for the carbonyl 
compounds. 

For other transition-metal complex hydrides, physical evidence for direct metal- 
hydrogen bonding is more substantial. The first case where such bonding was substantiated 
by infrared and high-resolution nuclear magnetic resonance measurements was for 
(x-Cs;H,),ReH and (z-C;H;),ReH,*.5 Similar studies on phosphineplatinum halogeno- 
hydrides,”;*° x-cyclopentadienyl-molybdenum and -tungsten dihydrides,® and cobalt and 
rhodium cyanide hydride ®° ions, etc., have given further proof. Of particular interest is 
the splitting of proton resonance signals in the nuclear magnetic resonance spectra of the 
platinum ? and rhodium ® complexes due to electron coupled spin-spin interaction between 
the proton and metal nucleus. 

The present investigation concerns the broad-line nuclear magnetic resonance spectrum 
of solid H,Fe(CO),. This compound is well suited to such study since the occurrence of 
only two protons in a large molecule will ensure that intermolecular broadening is small; 
further, it is the only dihydride amenable to such study, others, e¢.g., (m-C;H;).WHz2,® 
containing other protons. It was hoped that the determination of the interproton distance 
would allow, by choice of a suitable model, the metal-hydrogen distance to be estimated. 


RESULTS AND DISCUSSION 


Samples of H,Fe(CO), prepared by two different methods were examined at liquid- 
hydrogen temperature (~20° k). Difficulties were encountered not only because of its 
thermal instability, which requires that operations with sample tubes must be carried out 
without allowing warming to above ca. —30° c, but also because of the weak signals; the 
limits of the instrument were approached. The weakness of the signals was due to the 
low proton density of the material and to ease of signal saturation, so that only a very 
low H, field could be employed. In view of the rather poor signal-to-noise ratio (ca. 5: 1) 
the results from the best three samples are reasonably concordant. Averaged derivative 
curves are shown in the Figure. 
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The expected doublet structure was not observed. This would be easily obscured by 
a trace of impurity [and H,Fe(CO), is exceptionally difficult to obtain very pure], or 
possibly by zero-point vibration of the protons if weakly bound. 

The second moments, treated as due to a proton-pair signal, should give, by the Van 
Vleck formula, a reasonable approximation to the interproton distance (Table 1). The 


Averaged derivative curves obtained from samples 3, 4, and 6. 
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crucial point is that intermolecular broadening of all structural models must be small, 
since there are only two protons in a large molecule in which all other nuclei have zero spin. 


TABLE 1. Second moments and interproton distances in H,Fe(CO),. 


Sample No.: 3¢ 4 6 
I a, MIR coos cciitninscbecdnncnven 9-4 + 0-7 T1407 77+ 1-0 
| aera ane 1-83 1-92 1-90 


‘ on ' ecm slow leakage of liquid hydrogen into vicinity of coil. * H-H (average) = 1-88 + 
"Vo A. 

Ewens and Lister’s model can, as noted above, be eliminated on several grounds. The 
present measurement being considered, it is unlikely that molecules with an M-C-O-H 
linear grouping would pack in the solid with protons adjacent, and even the exceedingly 
improbable arrangement in which all hydrogen atoms are packed in groups of three in 
van der Waals contact would cause an intermolecular broadening of only 3-75 gauss?. 
The intramolecular H-H distance of 6-4 A would cause a negligible broadening of 0-002 
gauss*. All other models would not allow close approach of more than two protons in 
adjacent molecules, setting an upper limit of 1-87 gauss* to the intermolecular broadening. 

If the protons in H,Fe(CO), are equivalent and bridged in the manner suggested by 
Edgell e¢ al. for HCo(CO),, the intra- and inter-molecular broadening would again be very 
small (0-30 gauss?). Thus neither this model nor Ewens and Lister’s model could account 
for more than a small fraction of the observed second moment. Even if the remainder 
were due to a large amount of impurity broadening (which is unlikely and in any case would 
have to be fortuitously similar in the two different preparations), then the H,Fe(CO), signal 
would be superimposed as a narrow central absorption peak; such a peak is not observed. 
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Hence the present results show certainly that the protons are located much closer in 
towards the metal atom, and consequently bonded predominantly to it. 

Thus Hieber’s original postulates of the pseudo-metal atom nature for H,Fe and HCo 
may be considered to be correct although only to the extent that they imply a close asso- 
ciation of the hydrogen and metal atoms. 

Structure of Iron Carbonyl Hydride.—In order to compute the metal-hydrogen distance 
from the measured interproton distance, it is necessary to assume a structural model for 
the compound, particularly the location of the protons relative to the CO groups and the 
H-Fe-H angle. 

Considering first Liehr’s structure, we can raise some objections. Thus the assumed 
tetrahedral arrangement of the carbon monoxide ligands is probably not strictly correct 
and an asymmetric linkage of the hydrogen atoms is implied since these are considered to 
be bound to the d» and d,_, orbitals. The first, incurring overlap with one of the two 
principal lobes of the d,s orbital, would be more strongly bound than the second, which 
uses one of the four equivalent lobes of the d,— orbital. Only one line was observed 
in the high-resolution nuclear magnetic resonance spectrum of H,Fe(CO),,4 and the 
protons may reasonably be assumed to be equivalent. 

In constructing an adequate model for H,Fe(CO), on the lines of the Edgell and Cotton’s 
model for HCo(CO),, we can consider the insertion of an extra proton into the iron tetra- 
carbonyl anion HFe(CO),~ which is isoelectronic with HCo(CO),. Now in HCo(CO), the 
infrared spectrum showed evidence for a slight perturbation of the carbonyl skeleton 
to C3,. Study of the Raman spectrum of the HFe(CO),~ ion by Stammreich e¢ al.%3 has 
shown even more clearly that there is distortion of the tetrahedral symmetry to C3, owing 
to the effect of the hydrogen atom. These lower symmetries can be associated either with 
a change in the M-C bond length in the M-C-O group lying along the C3, axis, or with an 
increase over the tetrahedral angle of the C-M-C angle for the three equivalent carbon 
monoxide groups, or to a combination of these effects. 

Thus if we admit that the proton in HCo(CO),, and, by analogy, in HFe(CO),~, lies on 
the C3, axis, then in H,Fe(CO), the second proton cannot be inserted in an equivalent 
position without further distortion. If we accept the equivalence of the protons then it 
follows merely on symmetry arguments that there must be two pairs of equivalent carbon 
monoxide groups, COh™ and COULIV, as in (ITI). 

There is other evidence for the non-equivalence of the carbon monoxide groups in 
HCo(CO), and in H,Fe(CO),. Thus although in certain articles (see for example refs. 24 
and 25) the metal-carbon bond distances determined by Ewens and Lister in their electron 
diffraction studies have been averaged (indeed it has been said * that there is no evidence 
for the existence of two different M—-C and C-O bond distances), the original values (in A): 


H,Fe(CO), HCo(CO), 
I ta acines cctamaban 1844003 1-83 + 0-02 
_ gronnpemeetenenes 1794004 1-75 + 0-08 


indicate that two M-C bonds in H,Fe(CO), and one in HCo(CO), are short. No appreciable 
divergence from the tetrahedral angle was observed, but with the techniques then available, 
divergences of a few degrees would have escaped notice. A redetermination with modern 
techniques is to be desired. 

The non-equivalence of the carbon monoxide groups in HCo(CO),, HFe(CO),-, and 
H,Fe(CO), therefore seems well grounded; it may be assumed that a similar situation 
exists for HMn(CO), where infrared studies have shown that the molecule has only low 
symmetry,6 and for other carbonyl hydride systems. The extent of the distortion of the 

#3 Stammreich, Sala, Tavares, Krumholtz, and Behmoiras, J. Chem. Phys., in the press. 

*4 Bailar (Editor), ‘‘ Chemistry of the Co-ordination Compounds,” Reinhold Publishing Co., New 
York, 1956, p. 530. 


25 Moeller, “‘ Inorganic Chemistry,”” Wiley, New York, 1952, p. 703. 
%6 Wilson, Z. Naturforsch., 1958, 18b, 349. 
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M(CO), skeleton, and in H,Fe(CO), the divergence of the H-Fe-H angle from the tetra- 
hedral angle to be expected in the absence of distortion, cannot be directly determined. 
Some light can be thrown on this problem, however, by a consideration of the possible 
electronic structures of H,Fe(CO),. From these considerations, it seems likely that the 
H-Fe-H angle lies between 109° 28’ and ca 125°. In Table 2 are given the computed 
Fe-H distances for these extremes and for one intermediate (120°) angle, together with the 
distance for the 90° angle of Liehr’s model. The estimated Fe-H distance is hence ca. 
1-1 A. Whilst a good estimate of the covalent radius of iron in mononuclear carbonyl 


TABLE 2. Computed Fe-H distances in H,Fe(CO),, H-H being taken as 1-88 + 0-05 A. 


BBE Ge. .isicssiccssssis 90° 109° 28’ 120° 125° 44’ 
SRR eee 1-33 + 0-04 1-15 + 0-03 1-09 + 0-03 1-06 + 0-03 


compounds is difficult to make, it is probably somewhat smaller than half the Fe-Fe 
distance in dinuclear species,”? 7.¢., 41-23 A. We can conclude therefore that the Fe-H 
distance is of the same order, if not actually smaller than the covalent radius of the metal 
atom, and that the concept of the proton’s being buried in the electron density of the metal 
atom is not unreasonable. 

Electronic Structure of the Carbonyl Hydrides.—The nature of the orbitals involved in 
the bonding of hydrogen in these compounds cannot be as simple as might have been 
expected, since distortions of unknown magnitude from the tetrahedral symmetry are 
evident. 

For Edgell and Cotton’s model of HCo(CO),, the-hydrogen atom is regarded as being 
bound to the d, orbital (Note: the C3, and z axes are taken as coincident), with the possible 
incorporation of some 4 character. This scheme may be questioned, since there would 
be strong overlap between the reverse lobe of the d» orbital and the carbonyl group 
diametrically opposite across the metal atom. This objection can readily be met by 
rehybridization of the d,s with the opposing sf* hybrid orbital to give 


tji=gspPt+hdz (bonding to CO) 
te, = —hsp*?+gda (bonding to H) 


where g? + h? = 1 (normalization), and g and h will be of the same order of magnitude 
(probably g > h). Extending the problem to H,Fe(CO),, we see that the binding of a 
second hydrogen atom at a position approximately tetrahedral to the first would present 
considerable difficulty, since the bonding could hardly be to the d,:— y: orbital which lies 
at 90° to the ds orbital. Indeed any use of pure d orbitals for bonding to the hydrogen 
atoms also has the objection of strong non-bonding overlap with the ligands opposite and 
of non-equivalent bonding of the hydrogen atoms. Hence any attempt to overcome this 
difficulty must require the use of mixed d orbitals which can then be rehybridized with the 
appropriate sf* orbitals as above. 

We assume first, for simplicity, that the carbon monoxide groups in H,Fe(CO), are 
tetrahedral about the metal atom, with conventional s/* bonds and d, bonding. Now the 
general d orbital with a maximum along the z axis (again taken as lying along an M-C-O 
bond as in the Edgell—Cotton model) is given by 


$= adat bda_y»tcdry : 


where a? + 6? + c? = 1 (normalization condition) and also b? + c? < 3a’. If the latter 
condition is not satisfied, there is a saddle-point on the z-axis instead of a true maximum; 
this contingency will, however, never be permitted to arise. Inclusion of contributions 
from the d,, and d,, orbitals would not generalize the case further since these would deflect 
the maximum from the z direction. This orbital is now required to be orthogonal to a 
similar combination of d orbitals in co-ordinates x’, y, ¢, formed by rotating the xz axes 


27 Mills, Acta Cryst., 1958, 11, 620; Powell and Ewens, J., 1939, 286. 
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about the y axis through the angle cos 4 (the supplement to the tetrahedral angle) to x’t, 
Thus 


fy = a, da + b, da_yt c dy 
Pe = a, da oe b, dy —y? a. Ce dyy 


The condition for equivalent orbitals requires a, = a,=a. Normalization requires 
a* + db? + c,? = a® + b,* + c.2 = 1, and orthogonality requires —a? + (4/+/3)a(b, + bo) 
+ $b,b, + c,cg = 0. The only satisfactory orbitals appear by trial and error to be of the 
form b, = b, = b; —cy=cg=c. Since the d,» orbital is the only component having a 
non-zero value in the z direction, its contribution must be maximized to give the most 
strongly directed orbitals. It is, however, impossible to derive a pair of orbitals mutually 
inclined at 70° 32’ and the equivalent to the dj orbital alone (a=1; b=c=0O), the 
d. orbital orthogonalizing with itself on rotation through an angle cos? 4/3 = 54° 44’. 
The most strongly directed orbitals satisfying the conditions in fact have a = 0-9803, 
b = 0:1978, c= 0. Reduced to the same co-ordinate system, these can be expressed in 
the form: ¥,,5 = Pde+tgqdz+rda_y; where g =}; p?+ 77 = } (for normalization 
and orthogonality) and 1/3 + (g/1/2) —r =0 (to give maxima at 70°32’). Thus 
written, they are mirror images in the yz plane, with the maximal directions bisected by 
the z axis. 

There is a further consideration which modifies our view as to the most probable bonding 
scheme. Mixing the d,+_ ,:, d,, orbitals with the d, orbital causes the equatorial “ belt ” 
associated with the latter to expand somewhat and assume directional character. It is 
helpful in visualizing this to consider the ¢ dependence in this plane. Thus the value 
of y, in the xy plane is 


of (re) (- YE + bcos 2¢ — csin 24) = FI (rex) {- 7 + y cos (2¢ + a) 


where y = +/(b? + c*); tana = c/b. 
Similarly the value of ys in the x’y plane is 


nl (tee) {= fg + 7228 04 a} 


The large negative lobes of ys, and ¥, thus have maxima in the positions ¢ = (x/2) — («/2); 
g’ = (x/2) + («/2) respectively, and the repulsion between these two values must be 
considered. The above scheme for optimum directional character along z and ¢ unfortun- 
ately corresponds to « = 0, so that the subsidiary maxima coincide along the y-axis and 
the repulsion is greatest. By increasing the contributions of d,»_ ,» and d,,, it is possible 
to separate the subsidiary maxima somewhat, but at the expense of some directional 
character along the bonding axes (@ = 0’ = 0). The behaviour for three values of « is 
given in Table 3. 


TABLE 3. 
o y a b C+ pe=oV(167/5)  — dnax (0 = w/2yV (1627/5) 
0 0-1978 0-9803 0-1978 0 1-961 — 1-321 
m/4 0-2854 0-9585 0-2018 0-2018 1-917 — 1-453 
n/3 0-4208 0-9153 0-2104 0-3642 1-831 — 1-664 


No solutions can be found for « > ca. 78°. As electron density is proportional to ¢ (real 
coefficients) it seems that the maximum stability for this system bonded to hydrogen 
atoms along z and ¢ might reasonably be achieved for « = ca. x/4 to attain a balance between 
maximum directional character and minimum coulombic repulsion. It seems that little, 
if any, advantage could be gained by use of complex coefficients. 

So far we have considered bonding only for the strictly tetrahedral angle. It can be 
shown that for a fairly large decrease in the acute angle between the d-orbital bonding 
maxima, thereby mitigating the repulsion discussed above, only a small distortion of the 
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skeleton need occur. Suppose now that two modified d orbitals hybridize each with an 
sp® orbital to bond to a proton and to a carbonyl group not quite opposite to it. Then, 
since the negative lobe of an sf orbital is only about half the size of the positive lobe, the 
hydrogen atom will be bonded very nearly in the direction of the d orbital, whereas the 
carbonyl group will be bonded roughly half-way between the sf* direction and the d- 
orbital direction. The use of pure d» and the d,» orbital, which is equivalent to and 
orthogonal with it, would therefore constitute an extreme case of optimum directional 
character and minimum repulsion between the d orbitals (there being no subsidiary maxima 
in the equatorial belt). Since these orthogonalize at 54° 44’, the protons would be displaced 
by ca. 8° from the tetrahedral positions and the appropriate carbonyl groups by ca. 4°. 
The actual state of the molecule is very probably intermediate between this extreme and 
that of the strict tetrahedral case above. Thus if the d orbitals are at 60°, the distortion 
of the tetrahedron is 2—3° and a suitable combination, separation of the anti-bonding 
lobes being neglected, would be 


a, = 0-996d,. + 0-091d,2_ y? 
d, = 0-996d,2 + 0-091d,2_ 


The magnitude of ~% along the principal and subsidiary maxima are then 
(1-99 : 1-16)4/(5/16x), so that the directional character is not very different from that of 
the pure d, orbital = (2: 1),/(5/16x). Evidently it is impossible to be precise regarding 
the H-Fe-H angle upon which the estimation of the Fe-H distance depends. From Table 2 
it is clear, however, that the most probable value of the Fe—H bond length is close to 1-1 A. 
This estimate agrees rather fortuitously with Cotton’s estimate of ca. 1-2 A for the Co-H 
bond length in HCo(CO),. The lowering of the symmetry in [HFe(CO),]~ and HCo(CO), 
to C3, agrees well with the hydridization scheme 


dh = esp? + hd; ¢g = —hsp® + gdz 


which we have suggested, when there would be little or no distortion of the bond angles 
and only the metal-carbon monoxide bond length opposite the hydrogen atom would be 
modified (if we accept Ewens and Lister’s data, shortened). 

Rehybridization of the d-orbital set on the loss of one proton from H,Fe(CO), to 
maximize the use of the d. orbital in this way would then contribute to the high ratio of 
the primary and secondary acid dissociation constants. 

Finally, although it is possible to arrive at equivalent hybrid d-orbitals mutually at 
90° which could be used in the Liehr structure for H,Fe(CO),, the scheme would be less 
favourable since (a) they are less strongly directed, (b) the directional property cannot be 
improved as before by rehybridization with sp’, and (c) the bonding axes lie closer to the 
carbonyl groups on either side. 

All transition-metal—hydrogen complex compounds, whether they behave chemically 
as weak or strong acids, or as bases, and irrespective of the strength of the M-H bond as 
indicated by the metal—hydrogen stretching frequency in the infrared spectra, show, 
under high resolution, proton resonances well shifted to the high-field side at 14—20 p.p.m. 
vs. water. Since even in H,Fe(CO), which is one of the least thermally stable of these 
compounds and in which the metal—hydrogen bond must be rather weak, the metal- 
hydrogen distance is, as estimated herein, only ca. 1-1 A, the high shielding of the protons 
in all cases is understandable. However, it seems likely that the shifts are due to para- 
magnetic circulation on the metal atom as well as diamagnetic electron shielding of the 
proton. 


EXPERIMENTAL 
Preparation of Iron Carbonyl Hydride.—Iron pentacarbonyl was added to sodium—potassium 
eutectic suspended in ethylene glycol dimethyl ether at —10° c in a nitrogen atmosphere, and 
the mixture stirred. When gas evolution ceased, the solvent was removed. The residue was 
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dissolved in water, and the solution acidified by dilute sulphuric acid added dropwise. The gas 
evolved was passed through a calcium chloride tube and collected in a trap at.—80°. The 
compound was also prepared by treating the pentacarbonyl with aqueous barium hydroxide and 
potassium hydroxide, with subsequent acidification of the resulting solution. 

The crude carbonyl hydroxide was purified by trap-to-trap distillation and condensed in a 
constricted thin-walled Pyrex tube. After being sealed off, the sample was stored in liquid 
nitrogen. 

Measurements.—The broad-line nuclear magnetic resonance instrument and the method 
of use have been described.*® A small correction (0-29 gauss*) for field modulation and in- 
homogeneity broadening was deducted from the observed second moments. The first three 
samples to be examined were prepared by the ether method. No. 1 gave a broad signal 
(<AH*,,.5 = 18-5 + 3 gauss*; 11 traces) which was very weak, presumably owing to partial 
decomposition during handling. No. 2 likewise gave a broad signal ((AH*,,.) = 22-5 + 0-8 
gauss*; 9 traces) but with excellent signal-to-noise ratio; this allowed observation of features 
which could not be reconciled with the spectrum of pure H,Fe(CO),, namely outer shoulders 
to the main-derivative peak and slight inflexions inside it. Both the above samples almost 
certainly contained ether, since No. 3, which was obtained by acidification of the (Na,K),Fe(CO), 
after prolonged evacuation, gave narrower traces mutually consistent with those from later 
samples prepared by the aqueous procedure. Of the latter, No. 5 gave, inexplicably, no 
detectable signal. For No. 6, closely similar traces were obtained by two runs on successive 
days; the mean second moments agreed to within $ gauss?. . 

The signal-to-noise ratio deteriorates at 90° k, as expected, but the traces then appear to 
have a substantially unaltered second moment. On subsequent warming to room temperature, 
all sample tubes save one exploded and inflamed. 

A blank run using carbon tetrachloride in a sample tube cooled and sealed under the same 
conditions as the carbonyl hydride samples gave a negligible signal. 


We thank Professor C. A. Coulson, F.R.S., for valuable help with the bonding problems, the 
Department of Scientific and Industrial Research for maintenance grants (to E. O. B. and 
J. L. D.) and the Mond Nickel Company Ltd. for gifts of iron pentacarbonyl. 
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498. The Dissociation Constants of Some Symmetrically 
Disubstituted Succinic Acids. 


By J. F. J. Dippy, S. R. C. HuGHes, and A. RozANsKI. 


The thermodynamic dissociation constants of four diastereoisomeric pairs 
of 1 : 2-disubstituted succinic acids have been measured (in water at 25°) by a 
combination of conductometric and potentiometric procedures. The results 
do not confirm the apparent trend which could be observed in the earlier 
classical data, viz., that the meso-acid is consistently weaker than the racemic 
acid. 


THE strengths of dicarboxylic acids have been measured by numerous workers, but 
accurate thermodynamic data obtained by unambiguous techniques (from conductivity or 
e.m.f. measurements) are scarce. Methods for the calculation of Ky, therm. in a rational way 
from conductivity data have been known for some time}? but there is still no wholly 
satisfactory way of calculating Ko, therm. from such data. K, values of six symmetrically 
disubstituted succinic acids, obtained conductometrically, are recorded here, together with 


1 Davies, J., 1989, 1850. 
2 Darken, J. Amer. Chem. Soc., 1941, 68, 1007. 
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K, and K, values obtained by means of an approximate potentiometric method (although 
measurements on one pair of diastereoisomers were undertaken by the latter method only, 


see Table 1). 


TABLE l. 
Conductometric method 
Acid 10°K,, therm. 
SPIE > icncinnccnsocdsscseduensanenes 94-3 
TEE. adkdctxcnensansaciiascsaiecnies 93-0 
II | wicccttncanddnismnunieeeienseeninnn 60-2 
Dan] 2 D-TCHIOTORUCCHMIG 20... cccccccccosscces 2540 
meso-1 : 2-Dichlorosuccinic ...............0++ 2230 
DL-1 : 2-Dibromosuccinic f ..........seeeeeee 3300 
meso-1 : 2-Dibromosuccimic .............+++- 3760 


DL-1 : 2-Dimethylsuccinic 
meso-1 : 2-Dimethylsuccinic 


SIE setoducaitnsececucmipnen 


Potentiometric method 


10°K,, therm. 10°K,, therm. 
93 3-5 
51 1-21 
2100 66 
1810 57 
3800 108 
11-9 0-10 
17-1 0-44 
6-2 0-19 


* i.e. The dextrorotatory acid, p according to Freudenberg, D, = Lz by modern rules. 

+ All dihalogeno-succinic acids react gradually with water, yielding the corresponding hydrogen 
halides; with one exception, however, no significant drift in conductivity of these acids was observed 
at 25° during the period required for measurements (about 2 hr.), although an increase was noticeable 
over longer periods. pi-Dibromosuccinic acid showed the greatest reactivity; readings in this case 
had to be taken within 20 min. of wetting each sample of solid, and since reaction is even faster in 
alkaline solutions, the potentiometric titration method was omitted. It is noteworthy that most 
values in the literature for the strengths of these acids are higher than those recorded here, probably 
owing to the production of hydrogen halide. 


Table 2 sets out the values of the published dissociation constants of 1 : 2-disubstituted 
succinic acids; none of the thermodynamic constants recorded (italicised) refers to a 
reasonably precise conductivity procedure. 


CII | cicinrinincctscsccceseeions 


DL-1 : 2-Dichlorosuccinic ...... 
meso-1 : 2-Dichlorosuccinic ... 
DL-1 : 2-Dibromosuccinic ...... 
meso-1 : 2-Dibromosuccinic ... 
EEE dhnicatimnignichedinindey 


COST TMTAIEES opeccesescesssessoose 
DL-1 : 2-Dimethoxysuccinic ... 
meso-1 : 2-Dimethoxysuccinic 
DL-1 : 2-Dimethylsuccinic 

meso-1 : 2-Dimethylsuccinic... 


DL-1 : 2-Diethylsuccinic ...... 
meso-1 : 2-Diethylsuccinic 

DL-1 : 2-Di-n-propylsuccinic... 
meso-1 : 2-Di-n-propylsuccinic 
DL-1 : 2-Diphenylsuccinic ...... 
meso-1 : 2-Diphenylsuccinic ... 


TABLE 2. 
10°K, 
8-71,2 6-86,4 68,5 6-65,%%8 6-63,° 
6-52, 6-41,1. 6-37,12 6-0 13 
3700,15 3600,1* 3500 17 
3600,15 3100,1* 3000 17 
3800,2* 3700 15. 17 
3700,7 3600,15 3400,® 2900 2* 
127,22 117,15 104,29 102,17 22 
97,% 7, 18, 23 96,74 92-5, 90 26 
69,1® 65,15 63,27 61,18 60,2% 60 2° 
172 16 
1108 
13-8, 13-2,22 12-3,” 29 12-2,38 11-2 il 
20-8,5 20-4,28 19-6,2° 19-4,22 19-1,7 18 
17-0 11 
34-7,5 34-3,18 30 31-1,4 20-1 29 
24-5,18 29 93-5,5 23-3,11 23-2 30 
49 29 
25 29 
26-5,3° 26 18 
33-0,3° 23-5 18 


105K, 

0-48,3 0-43,1* 0-40,* 0-33," 0-27,8 
0-25,1* 0-21 18 

180,15 150 %° 

ca. 80,17 113 16 

81-7,15 §8-0,18 43 17 

240,15 200,3* 140 ?” 

7-5,4 5-9,7- 15 4-5,™ 20 4-3,%5 
4-1,16 4-0,17 3-4,14 2-9 27 9.8 23 

1-6,35 1-4,17 7-26 16 

2-9 16 

5-5 16 

0-064 

0-12 11 


0-025 4 
0-035 
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In discussions of chemical constitution and the strengths of dicarboxylic acids the main 
interest has usually centred around the relative magnitudes of the primary and secondary 
dissociation constants. It is considered that deviation of the ratio K,/K, from the 
statistical factor of 4 is a measure of the electrostatic influence of the carboxylate group on 
the carboxyl group, which in turn is determined by the intercarboxylic distance (r), accord- 
ing to the equation (see Bjerrum,*! Kirkwood and Westheimer *) : 


K,/K, = 4e-%*/RTDr 


(where D is the dielectric constant and other symbols have the usual meaning). 

Values of K,/K, (potentiometric) obtained in this work are shown in Table 3, together 
with the ratio of these values for the meso- and racemic acids. It is seen that there is no 
regularity in these results, which confirms an earlier observation made by Bode.1¢ 


TABLE 3. 
K,/ Kg (meso) 

Acid K,/K, K,/K, (racemic) 
BD TRTUNTIC ....ccccrccsecscsccccesccscccescesessesoceses 27 ’ 1-56 
SPINE, daitscsdannccncssntceseecntsssmcecsiniscses 42 s - 
nk DCO OOMOUINEG nice cccscccsccccscccsceecs 33 3] 1-0 
meso-1 : 2-Dichlorosuccinic .............seseeeeeees 32 J 
WEE s DTC GMIGOMOSIES 6. cccccccccccscoscscesecese -— — 
meso-1 : 2-DibromosucciNic ..............sceeeeeees 35 
DL-] : F-Dimethyisuccimic  .........csccccecsecscsee 119 a] 0-32 
meso-1 : 2-Dimethylsuccinic — .............sseeeees 38 J - 
IE. unites chaise veaeiatavavonbasewaieenineise 33 


However, it is the relative magnitudes of K,, therm. for the meso- and racemic acids which 
are of main interest in this work. Since diastereoisomers contain the same selection of 
atoms and bonds, the internal electronic displacements must be the same. It is reasonable, 
therefore, to suggest that the observed differences in strengths arise from the interactions of 
the constituent groups and atoms in space. 

When steric interactions within substituted ethane molecules, such as the acids 
discussed here, are considered, it is necessary to examine the energetically preferred con- 
formations of each diastereoisomer. A study of the molecular models of the three staggered 
conformations of the optically active and meso-forms of symmetrically disubstituted 
succinic acids shows that only the meso-form is capable of taking up an entirely symmetrical 
conformation with all the pairs of substituents at their positions of maximum separation, 
t.é., the trans-configuration; in the optically active forms this is not possible, maximum 
separation being achieved on the ethane model by one pair of substituents at a time. It 
is expected, therefore, that the meso-form will exist predominantly in the completely trans- 
form, whereas for the D- and the L-form there is no obviously preferred conformation, 
although the two stable staggered forms will have either the carboxyl groups or the 
substituent groups in the ¢rans-position. Thus in the absence of other factors, such as 
internal hydrogen-bonding, the carboxyl groups will, on the average, approach each other 
more closely in the optically active forms than in the meso-form. Now, it is well known 

18 Ostwald, Z. phys. Chem., 1888, 2, 840. 

19 Wegscheider, Monatsh., 1902, 28, 599. 

20 Jones and Soper, /., 1934, 1836. 

Britton, J., 1925, 127, 1896. 

22 Béeseken, Rec. Trav. chim., 1918, 37, 181. 

23 Paul, Z. phys. Chem., 1924, 110, 417. 

24 Kolthoff and Bosch, Rec. Trav. chim., 1928, 47, 861. 
25 Bates, J. Res. Nat. Bur. Stand., 1951, 47, 343. 

26 Ives, Linstead, and Riley, J., 1932, 1093. 

27 Drucker, Z. phys. Chem., 1920, 96, 381. 

28 Bethman, ibid., 1890, 5, 385. 

#9 Bone and Sprankling, /., 1900, 77, 1298. 

30 Hartman, Rec. Trav. chim., 1938, 57, 679. 

31 Bjerrum, Z. phys. Chem., 1923, 106, 219. 

32 Kirkwood and Westheimer, Chem. Reviews, 1942, 30, 159. 
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that in ethylenedicarboxylic acids, where molecular rigidity is ensured by a double bond, 
the cts-acid (with the smaller intercarboxylic separation) is always stronger than the trans- 
acid (see Branch and Calvin,3* who suggested internal hydrogen-bonding, and Crawford,™ 
who suggested steric inhibition of mesomerism); thus, by analogy with the cts-olefinic 
acids, the optically active form of a disubstituted succinic acid (or the racemic acid, which 
has an identical value of K,) might be stronger than the meso-acid. 

The same conclusion can be reached by considering the relative stabilities of the 
molecules of meso- and racemic acids, and of the univalent ions * from the point of view of 
steric repulsions: the fully ¢rans-meso-acid molecule is more stable than the mixture of 
gauche-conformations of the racemic acid. However, internal hydrogen-bonding, likely 
to occur in the univalent anion between the carboxylate and carboxyl groups which are 
forced into a cis- (staggered) conformation, would stabilise the racemic ion (with the 
substituents ¢vans) with respect to the meso-ion (with the substituents cis). Thus it would 
be expected that Ky, racemic > Ky, meso: 

The present data, as shown in Table 1, clearly fail to confirm such a regularity (although 
shown as a trend in the earlier literature), and the apparent deviation of dimethyl- and 
dibromo-substituted acids is difficult to explain. From the K, data in Table 2 it is seen 
that 1 : 2-dimethoxysuccinic acids appear to repeat the behaviour of tartaric acids, whilst 
1 : 2-diphenylsuccinic acids might be analogous to the methyl- and bromo-acids, as regards 
the relative magnitudes of K, of the meso- and racemic isomerides. It is significant that 


TABLE 4. 
. Heat of combustion Dipole moment (D) 
Acid M. p. (—AH,) (kcal./mole) (benzene solution) 
Tartaric 
DL 206° (anhyd.) 273-9, 41 276-7 43 Et, ester 3-12 “4 
275-7 43 (at 22°) 
meso 143 (anhyd.), 159 (anhyd.) 276-6,4% 41 280-7 42 
280-2 4 Et, ester 3-66 “ 
(at 22°) 
1 : 2-Dimethoxysuccinic 
DL 171 Me, ester 965-3 4 Me, ester 2-8 4% 
meso 161 Me, ester 954-9 * Me, ester 3-1 4 
1 : 2-Dichlorosuccinic 
DL 175 — Me, ester 2-93 4 
meso 220 (sealed tube) —- Me, ester (2-47 * 
(at 20°) 
1 : 2-Dibromosuccinic 
DL 171 —_ — 
meso 257 (sealed tube) -- — 
1 : 2-Dimethylsuccinic " 
DL 127 671-2 46 — 
meso 209 672-7 4 — 
1 : 2-Diethylsuccinic 
DL 132 985-3 4 _ 
meso 192 987-0 46 — 
1 : 2-Di-n-propylsuccinic 
DL 121 —_— —_ 
meso 183 _ _ 
1 : 2-Diphenylsuccinic 
DL 183 1807-0 4 _ 
meso 252 1808-2 46 —_ 


all substituents, even the electron-repelling alkyl groups, increase the strength (K,) of 
succinic acid, and that dibromo-substituted acids are stronger than dichloro-acids, although 
the operation of their —J effects alone should produce the opposite result. It is note- 
worthy that ¢rans-2-methylcyclohexanecarboxylic acid was found * to be stronger than the 
parent acid and twice as strong as its cis-2-methyl isomer, although the distance separating 


33 Branch and Calvin, ‘‘ The Theory of Organic Chemistry,”’ Prentice-Hall, Inc., 1947. 
34 Crawford, Chem. and Ind., 1953, 797. 

35 Elving, Rosenthal, and Martin, J. Amer. Chem. Soc., 1955, 77, 5218. 

36 Dippy, Hughes, and Laxton, J., 1954, 4102. 





2496 Dippy, Hughes, and Rozanski: The Dissociation Constants of 


methyl and carboxyl groups in the two isomers is the same. This feature has since been 
discussed in terms of steric hindrance to solvation (notably of the anion *”); the acid with 
both the groups in the more accessible eg—-eqg conformation, in this case the trans-acid, is 
stronger than the eq—ax or cis-acid. It certainly appears that the magnitude of the steric 
effects of substituents, whether in the cyclohexane molecule or the ethane molecule is 
regulated not only by intramolecular distances but also by the conformational relationship 
of the substituents to the rest of the molecule. 

The dissociation constants are not alone in failing to reveal any regularity amongst the 
diastereoisomeric disubstituted succinic acids; a selection of other physical data (Table 4) 
is scarcely more conclusive. The Auwers-Skita rules for olefins being recalled, it 
is true that the melting points are higher and solubilities in water lower for the meso-acids 
(“‘ trans”’) than for the racemic acids (‘‘ cis’’) (except for the tartaric and dimethoxy- 
succinic acids). From the study of equilibria and reaction rates (see Barton *), it has 
been concluded that the meso-form is invariably the more stable (see also Linstead *), 
although heat of combustion data (Table 4) lend no support on this point. The scarce 
dipole-moment data (for esters) indicate a more symmetrical conformation for dimethyl 
meso-dichlorosuccinate than for the racemic ester, although the reverse is true for the 
tartaric and dimethoxysuccinic esters (Table 4). 

It is noteworthy, however, that Elving, Rosenthal, and Martin *® have been able to 
explain some electrode reactions of dibromosuccinic acids (involving elimination of 
bromine) by assuming that the diastereoisomers exist in the preferred conformations. 


EXPERIMENTAL 

Preparation and Purification of Acids.—pb- and pt-Tartaric acids were purchased, and 
repeatedly recrystallised from conductivity water. mesoTartaric acid was obtained by reflux- 
ing D-tartaric acid with aqueous potassium hydroxide, isolated according to Coops and Verkade’s 
procedure,‘ and finally purified by recrystallisations from conductivity water. 

pL-Dibromosuccinic was prepared by addition of bromine to maleic anhydride ** and purified 
by recrystallisations from ethyl acetate—chloroform. mesoDibromosuccinic acid was purchased 
and recrystallised from conductivity water, care being taken not to raise the temperature above 
70° (addition of silver nitrate—nitric acid to the filtrate did not produce turbidity under these 
conditions). 

meso- and pL-Dichlorosuccinic acids were prepared by addition of chlorine to aqueous di- 
sodium fumarate (Timmermans *°) and fractional crystallisation of the mixture of the diastereo- 
isomeric acids from acetone—chloroform. 

pL-Dimethylsuccinic acid was derived from a mixture of 1 : 2-dimethylsuccinonitriles (a gift 
from Imperial Chemical Industries Ltd., Dyestuffs Division) by hydrolysis with concentrated 
hydrochloric acid; on cooling, the impure meso-acid separated as crystals and the DL-acid was 
extracted with ether from the solution. The residue from the ethereal extract was recrystallised 
from benzene. mesoDimethylsuccinic acid (a gift. from Imperial Chemical Industries Ltd., 
Dyestuffs Division) was purified by recrystallisation from conductivity water. 

All the acids were stored in desiccators over silica gel for at least 2 weeks. Them. p.s (shown 
in Table 5; cf. also best values from the literature, in Table 4) and equivalent weights (by 
alkalimetry) of all acids were determined. 

Measurement of Conductivities—The conductivities of all solutions were measured by the 

37 Baddeley, Ann. Reports, 1955, 52, 140. 

88 Barton, Quart. Rev., 1956, 10, 47. 

%® Linstead, J., 1954, 3722. 

4° Coops and Verkade, Rec. Trav. chim., 1925, 44, 998. 

41 Wasserman, Z. phys. Chem., 1930, A, 146, 418. 

42 Blanck and Wolf, Z. phys. Chem., 1936, B, 32, 139. 

‘3 Wolf, Z. phys. Chem., 1938, B, 38, 441. 

44 Wolf, Trans. Faraday Soc., 1930, 26, 315. 

45 Hassel, Tidskr. Kjemi Bergvesen Met., 1930, 10, 128. 

46 Hartman, Rec. Trav. chim., 1933, 52, 945. 


ean 


eo we 


47 Duncanson, J., 1952, 1753. 
48 Michael, J. prakt. Chem., 1895, 52, 293. 
‘© Timmermans, Bull. Soc. chim. belges, 1939, 48, 33. 
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TABLE 5. 
Acid M. p. Acid M. p. 
IIE ckcerecctnncteviencs 169-5—170° DL-1 : 2-Dibromosuccinic... 172° 
ee 208 meso-1: 2-Dibromosuccinic 257-5 (sealed tube) 
og ll EE ee 151-5—152 DL-1 : 2-Dimethylsuccinic 121-5—122 
DL-1 : 2-Dichlorosuccinic ... 171-2 meso-1 ; 2-Dimethylsuccinic 211 
meso-1 : 2-Dichlorosuccinic 223-5 (sealed tube) WORE ciwesesictesssesscovssas 185 


TABLE 6. Table of conductivities and K, values. 
(a) Davies’s method of calculating A°. 


(N.B. <A denotes the conductivity of the dicarboxylic acid for the range where it behaves as a 
monobasic one, and its equiv. wt. = mol. wt.) 


10°m A 105K, therm. 10°m A 10°K,, therm. 108m A 10°K,, therm. 
p-Tartaric acid pDL-Tartaric acid mesoTartaric acid 
7-970 115-3 93-0 8-364 112-4 91-8 7-996 93-99 60-0 
7-441 118-5 93-0 6-717 122-9 92-1 7-782 95-00 59-9 
6-766 123-4 93-7 5-781 130-7 92-7 6-928 99-82 60-0 
6-634 124-6 94-0 4-979 139-2 93-9 6-400 103-4 60-4 
6-306 127-0 94-1 4-383 146-2 94-4 6-380 103-5 60-4 
5-593 133-6 94-7 5-537 109-6 60-2 
5-413 134-8 93-9 (A%u+4a2-) = 413-0, assumed; 5-187 112-8 60-0 
4-497 145-6 95-5 A%a+anH-) = 388-7, assumed.) 3-600 130-8 (61-0) 
4-437 146-3 95-4 = 
: (A%a+;,2-) = 413-8 from the con- 
3-869 154-4 96-1 ductivity of disodium salt; 
(A%a+ya2-) = 413-0 from the A°%q+Ha-) = 382-7 from the con- 
conductivity of disodium salt; ductivity of monosodium salt 
A%q+na-) = 388-7 from the R by Davies’s method.) 


conductivity of monosodium 
salt by Davies’s method.) 


(b) Darken’s graphical extrapolation for A® and Ky, them..- 


108m A 107K,j, therm. 103m A 102K, therm. 
DL-1 : 2-Dichlorosuccinic acid meso-1 : 2-Dichlorosuccinic acid 
60-18 189-8 (2-39) 71-93 171-1 2-09 
67-56 182-0 2-34 72-86 170-7 2-09 
72-04 177-9 2-32 78-93 165-1 2-06 
82-66 169-2 2-27 88-45 158-1 2-02 
91-33 162-9 2-24 93-23 154-9 2-01 
96-51 159-6 2-22 102-2 149-6 1-98 
101-7 156-3 2-20 113-3 143-4 1-94 
105-7 154-1 2-19 122-5 139-0 1-92 
114-9 149-1 2-16 Extrapolated 10?K,°, therm. = 2°23; 
Extrapolated 10?7K,° therm. = 2°54; Ag = 382°5. 
Ay = 383-5. - 
108m A 107K, therm. 108m A 102K, therm. 
DL-1 : 2-Dibromosuccinic acid meso-1 : 2-Dibromosuccinic acid 
76-78 188-6 3-00 75-64 194-5 3-26 
77-57 187-9 3-00 80-87 189-7 3-20 
82-46 184-1 2-97 81-48 189-0 3-19 
85-16 182-0 2-95 85-35 185-9 3-16 
91-55 177-4 2-92 90-72 181-8 3-11 
93-76 175-9 2-92 91-09 181-4 3-10 
101-6 170-9 2:88 Extrapolated 10°K,® therm. = 3°76; 
Extrapolated 10°K,° therm. = 3°30; o = 380-0. 
Ay = 380-0. 


. 


method and equipment described elsewhere,®® and all solutions were prepared individually by 
weight.5® A pipette-type cell (cell constant, ca. 25) was used for the stronger halogeno-succinic 
acids, and calibrated directly with 0-1p-potassium chloride solution (by using the specific 
conductance data of Jones and Bradshaw °). 

Derivation of K,, therm..—For moderately strong acids, measurements were made on the free 
acid in the region above ca. 0-003 equiv./l. (where secondary dissociation is negligible) and on 


50 Dippy, Hughes, and Laxton, J., 1954, 1470. 
51 Jones and Bradshaw, J. Amer. Chem. Soc., 1933, 55, 1780. 
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the mono- and di-sodium salts. A°q+qa-) was calculated by Davies’s successive approxim- 
ations method ! from the conductivity of the above types of electrolyte; this is the only method 
(free from serious assumptions) for the derivation of A°¢7+Ha-). Approximate values of K, and 
K, required for the calculation were obtained potentiometrically. A° q+442-) was evaluated 
from data for the neutral sodium salt by the empirical method described by Dippy and 
Williams,*? and K,, therm. Calculated in the way described earlier, for monobasic acids. 

For halogeno-succinic acids, secondary dissociation is significant in the range of con- 
centrations where the Debye—Hiickel limiting law is obeyed. An empirical extrapolation 
method described by Darken * was used in these cases to determine K,, therm. from the con- 
ductivity of the free acid at moderate concentrations, and it was found that his correction factor 
for secondary dissociation, as calculated from low-concentration data, was negligible. K, 
values calculated by Darken’s method (which is limited to very soluble acids) are estimated to 
be accurate to within +3%; whilst those calculated by Davies’s method are within +1%. 

Measurement of pH.—A Cambridge pH-meter was used to measure the E.M.F. of solutions 
and this was calibrated by means of citric acid—Sérensen’s salt buffers,5* chosen because of their 
ease of preparation by mixing two stable stock solutions. No correction to paH scale was 
made, owing to the overall accuracy of the method, and good agreement was obtained with 
Speakman’s results 1° for succinic acid (possibly owing to cancellation of errors, such as the 
unknown temperature specifications of the buffers). 

The cell consisted of a sealed glass-electrode and a saturated potassium chloride dip-type 
calomel electrode (both supplied by the Cambridge Instrument Co.). All acid solutions were 
prepared in conductivity water by weight, and the sodium hydroxide solution (much more 
concentrated than the acid, to avoid large volume changes during titration) was run into the 
electrode vessel from a calibrated E-mil Green Line 2-ml. microburette. Several additions of 
gradually increasing amounts of the alkali solution were made between 25 and 75% neutralis- 
ation so as to obtain points at regular intervals on the graph. All measurements were con- 
ducted at 25°. 


TABLE 7. Potentiometric determination of Ky, therm. @N4 Kg, therm.- 


Total volume of acid titrated in each case = 75 ml. Sodium hydroxide solution, ca. 0-02N (except 
for halogeno-acids, when it was ca. 0-10N). 


10°m 105K, therm. 10°K,y, therm. 108m 105K, therm. 10°K,, therm. 10°m 105K, therm. 10°Kg, thenn. 

p-Tartaric acid meso-1 : 2-Dibromosuccinic acid meso-1 : 2-Dimethylsuccinic acid 
0-599 90 3-2 5-01 3900 104 0-584 16-9 0-53 
0-966 104 3-4 5:37 3900 105 1-053 17-0 0-38 
1-223 83 3-9 5-63 3700 114 1:519 17:3 0-42 
1-849 93 3:3 

mesoTartaric acid Succinic acid 
DL-1 : 2-Dichlorosuccinic acid 0-622 52 1-20 0-538 6-1 0-20 
4-195 2120 67 0-782 50 1-22 0-722 6-2 0-18 
4:32 2200 67 2-005 51 (0-82) 
5-06 2000 65 
meso-1 : 2-Dichlorosuccinic acid 

DL-1 : 2-Dimethylsuccinic acid 4-53 1760 ° 61 
0-538 12-1 0-11 5-89 1860 54 
0-913 11-8 0-09 
1-301 12-0 0-10 


Derivation of K, and K,.—The method used for.the determination of approximate values of 
K, and Ky, necessary for the evaluation of accurate value of K, from conductivity data by 
Davies’s method, was that due to Speakman.'*_ This gives average K, and K, values based on 
all the experimental values of pH at different points of neutralisation. The accuracy of the 
method is about +5%. 


One of us (A. R.) thanks the Governing Body of the Chelsea College of Science and 
Technology for the tenure of a research award. 
CHEMISTRY DEPARTMENT, 
CHELSEA COLLEGE OF SCIENCE AND TECHNOLOGY, 
Lonpon, S.W.3. [Received, December 3rd, 1958.) 


52 Dippy and Williams, J., 1934, 1488. 
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499. Lattice Parameters and Infrared Spectra of Some Inorganic 
Cyanates. 


By T. C. WADDINGTON. 


The lattice parameters of rubidium, cesium, thallous, argentous, and 
ammonium cyanates and the infrared spectra of these salts, as well as those 
of sodium and potassium, are reported. 


THE crystal structures of sodium and potassium cyanates have previously been investigated. 
Sodium cyanate ! is isomorphous with sodium azide and has a body-centred rhombohedral 
lattice, space group Rym. Potassium cyanate ? is isomorphous with potassium azide and 
has a body-centred tetragonal lattice, space group [4/mcm. X-Ray powder photography 
has shown that rubidium, cesium, and thallous cyanates all have the body-centred tetra- 
gonal lattice of potassium cyanate. Silver cyanate has an orthorhombic lattice with four 
molecules to the unit cell, similar to that of silver azide, space group Jbam. However the 
structure of the ammonium cyanate lattice is quite different from that of ammonium azide; 
it has a tetragonal lattice differing from that of the alkali-metal cyanates. The lattice 
parameters of the cyanates together with those of the corresponding azides for comparison 
are given in Table 1. 


TABLE 1, Crystal structures of the cyanates and azides. 


Unit-cell dimensions 





~~ " Moles/unit 

Salt Class * Space group a b c a cell Ref. 
NaNCO R Ry or Rym 5-44 38° 37’ 1 1 
KNCO T I4/mcm 6-07 7-03 + 2 
RbNCO T 6-35 7:38 4 
CsNCO T 6-71 8-04 4 
TINCO T io 6-23, 7-32, 4 
AgNCO oO Ibam 6-37 6-82 5-48 4 
NH,NCO = — 3-64 5-57, t 1 
NaN, R Rs, or Rym 5-488 38° 43’ 1 2 
KN, = I4/mcem 6-096 7-056 4 3 
RbN, T . 6-36 7-41 + 4 
CsNy yi i 6-72 8-04, 4 5 
TIN, T ‘a 6-23 6-88 4 5, 6 
AgN, O -- 5-59 5-91 6-01 4 7, 8,9 
NH,N; oS Pman 8-93, 8-64, 3-80, 4 3 


* R, rhombohedral; T, tetragonal; O, orthogonal. + This is probably a pseudo-unit cell, see 
Figure. 


The two most striking differences between the structures of the cyanates and the 
isoelectronic azides are observed in the silver and ammonium salts. The molecular 
volume of silver cyanate is 59-5 A’, compared with a molecular volume of 49-7 A? for silver 
azide. The molecular volumes of the potassium salts are KNCO, 64:3 A’; KNg, 65-6 A’. 
The large difference for the silver salts and the much smaller value for silver azide must 
reflect a larger non-ionic contribution to the binding energy in that salt than in silver cyanate. 
Thallous azide too appears to have a larger non-ionic contribution to the binding energy 
than thallous cyanate. The azide is insoluble in water whereas the cyanate is quite 
soluble. The reason why the cyanates are more ionic than the azides is probably the 
greater electron affinity of the cyanate ion (ca. 90 kcal. mole“) ! than that of the azide ion 
Bassiére, Compt. rend., 1938, 206, 1309. 

Hendricks and Pauling, J]. Amer. Chem. Soc., 1925, 47, 2904. 
Frevel, Z. Krist., 1936, 94, 197. 

Gunther, Porget, and Rosbaud, Z. phys. Chem., 1930, B, 6, 459. 
Waddington, Ph.D. Thesis, University of Cambridge, 1955. 
Gray and Waddington, Chem. and Ind., 1955, 1555. 

West, Z. Krist., 1936, 95, 421. 

Pfeiffer, Ph.D. Thesis, California Institute of Technology, 1948. 


Bassiére, Compt. rend., 1935, 201, 735. 
Waddington, unpublished results, 
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(70—80 kcal. mole)."-12_ Because of this the cyanate ion is less likely to participate in 
electron sharing with a given metal ion than is the azide. 

The molecular volumes of ammonium cyanate and ammonium azide are almost 
identical: NH,NCO, 74-1 As; NH,N3, 73-3 As, though the structures of the two com- 
pounds are so very different. An explanation for the structural difference may perhaps 
be that in the cyanate the hydrogen atoms of the ammonium ion are hydrogen-bonded 
only to the oxygen end of the cyanate ion, as it is the more electronegative, whereas they 
are hydrogen-bonded to both ends of the azide ion in ammonium azide. This will give 
ammonium cyanate a structure similar to that of ammonium cyanide,™ with the cyanate 
ions along the tetrad axis, as shown in the Figure. 


Inferred crystal structure of ammonium cyanate, 


Corbon OC 
Oxygen A 
Nitrogen ie 


Hydrogen @ 





Though the infrared spectrum of aqueous potassium cyanate was investigated by 
Williams * and the Raman spectra of aqueous potassium cyanate by Cleveland,” Williams’s 
results and assignment of vibration frequencies are at variance with the earlier work of 
Goubeau # who investigated the Raman spectra of solid KNCO, AgNCO, Hg,(NCO),, 
and Pb(NCO),. Miller and Wilkins’ have recently investigated the infrared spectra of 
solid KNCO and AgNCO in the sodium chloride region but have not assigned vibration 
frequencies. Accordingly the infrared spectra of NaNCO, KNCO, RbNCO, CsNCO, 
AgNCO, TINCO, and NH,NCO have been measured in the sodium chloride and potassium 
bromide regions. The data and assignments are in Table 2. 


TABLE 2. Infrared spectra of the cyanates (cm.*). 


Ve" Ve 2v, Vy V3 
BEET sigetnmnnscmncceriucninen 620 1216 1305 2220 
DRI cescensenciatesshsieessvescese 626 636 1205 1300 2170 
DEED Senendevbedecienchseeoneiet 627 637 1205 1293 2210 
SATE sevsaqhendribenaneeeshnnie 627 635 1217 1307 2160 
MEEEE sxscnievakendehesinmensquen 605 632 1203 * 1300 * 2145 
IED | ‘wisbivobevasicenvtdevdatots 617 627 1203 1292 2130 
PUTED. Gencsnansndamendenabiens 640 1293 1334 2190 


* These lines were taken from Goubeau’s Raman data; they were not observed by the author in 
the infrared spectrum of AgNCO. 


The isolated cyanate ion should have three fundamental vibration frequencies, all 
active in the infrared region. They are the symmetric stretching frequency, v,, a degenerate 
bending frequency, v, (with two degrees of freedom at right angles), and an asymmetric 

11 


Gray and Waddington, Proc. Roy. Soc., 1956, A, 235, 481. 

Franklin, Dikeler, Reese, and Krauss, y? Amer. Chem. Soc., 1958, 80, 298. 
Lely and Bijvoet, Rec. Trav. chim., 1944, 68, 39. 

14 Williams, J. Amer. Chem. Soc., 1940, 62, 2442. 

18 Cleveland, J]. Amer. Chem. Soc., 1941, 63, 622. 

16 Goubeau, Ber., 1935, 68, 912. 


Miller and Wilkins, Ind. Eng. Chem. Anal., 1952, 24, 1253. 
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stretching vibration, v,. Because of the way the cyanate ions are packed in the lattices 
of the potassium, rubidium, cesium, thallous, and silver salts, the degeneracy of v, will be 
removed and two infrared bands should be found owing to the bending vibrations of the ion. 
In sodium cyanate the cyanate ions lie along the hexad axis of the crystal and so the 
degeneracy will be preserved. If the crystal structure assigned above to ammonium 
cyanate is correct and the cyanate ions lie along the tetrad axis of the crystal then the 
degeneracy will be preserved and only one vibration frequency should be observed. This 
is found to be so, and the position of the cyanate ion in the lattice confirmed. This is in 
marked contrast to orthorhombic ammonium azide, where the site symmetry destroys 
the degeneracy of the bending vibration of the azide ion and two infrared-active bands due 
to bending are observed."19 

Because of the closeness of 2v,, the first harmonic of the bending frequency, to v,, its 
intensity will be raised by Fermi resonance and it will appear as a fairly strong infrared 
band, just as it does in the Raman spectra of CO, and N,~.%° Other, but much weaker, 
bands occur as a result of the interactions of these vibrations of the cyanate ion with the 
vibrations of the crystal lattice. Some of these vibrations have been observed but they 
are not recorded in Table 2. 

Since the internuclear distances in the cyanate ion are not known the bending force 
constant cannot be calculated. There are also insufficient data (only two lines v, and vg) 
to apply a general quadratic force field to calculate the stretching force constants of the 
ion. The application of the simple valence force field yields complex values for k, and hk, 
and thus cannot be used. However, a comparison can be made of the actual vibration 
frequencies of the cyanate ion with those of some isoelectronic molecules. In particular 
the series CO,, NCO-, CN,?> is of interest as here the oxygen atoms are replaced stepwise 
by N-. The data for N,O are also included in Table 3. 


TABLE 3. Vibration frequencies of the cyanate ton and some isoelectronic molecules 
and ions (cm.*). 


Molecule or ion "4 Ve V3 Ref. 
CA cnvicncescnrisneesrcinsmionetets 1337 667 2349 20 
BEE ” dncnnmenincmcemaawienaneeninn 1300 630 2170 ° 
RAMEE. avinpeseysncubivlensnembntves 1230 600 2150 21 f 
THEE | evkasssiehncnntsesisentinsous 1285 589 2224 20 
CD io oi scninsicihesccciccse 1327 670 2274 22 


* This work; an average value for the alkali metal salts. 
+ An approximate average for the data on the sodium and calcium salts. 


Hydrogen isocyanate, a non-linear tetratomic molecule, has six fundamental vibration 
frequencies,” three of which arise principally from the internal motions of the —-NCO group. 
These may be compared with the corresponding modes in CO,, from which HNCO can be 
regarded as being derived by the replacement of an oxygen by NH, and the cyanate ion. 
This is done in Table 3. 


EXPERIMENTAL 

Materials.—Sodium cyanate was prepared by heating anhydrous sodium hydrogen carbonate 
with the stoicheiometric quantity of urea. When effervescence had ceased the molten solid 
was tested for carbonate by withdrawing a little with a glass rod, dissolving it in water and 
adding barium chloride solution. A little more urea was added and the test repeated till no 
carbonate could be detected. The melt was then allowed to cool and solidify, and dissolved 
in the minimum of water. The solid salt was precipitated by addition of absolute ethyl alcohol, 
washed with alcohol, and dried in vacuo. Potassium cyanate was made from potassium 
hydrogen carbonate in the same way, and rubidium and cesium cyanates from the carbonates. 

18 Dows, Whittle, and Pimentel, J]. Chem. Phys., 1955, 28, 1475. 

19 Gray and Waddington, Trans. Faraday Soc., 1957, 58, 901. 

20 Herzberg, ‘‘ Infra-Red and Raman Spectra,’’ Van Nostrand, New York, 1945. 

21 Deb and Yoffe, Trans. Faraday Soc., 1959, 55, 106. 

22 Herzberg and Reid, Discuss. Faraday Soc., 1950, 9, 92. 
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Thallous cyanate, which is soluble in water, was made by mixing aqueous solutions of sodium 
cyanate and thallous acetate and adding absolute alcohol. Silver cyanate was precipitated 
by mixing aqueous solutions of silver nitrate and sodium cyanate. Single crystals were grown 
by slow recrystallization from ammoniacal solution. To make ammonium cyanate, an ethereal 
solution of isocyanic acid was first prepared by heating cyanuric acid and passing the isocyanic 
acid vapour so obtained into cold dry ether. Dry ammonia was then passed into the ethereal 
solution and ammonium cyanate was precipitated as it formed. The precipitate was filtered 
off, washed with ether, and dried in vacuo. 

Apparatus and Method.—X-Ray powder photographs of KNCO, RbNCO, CsNCO, TINCO, 
AgNCO, and NH,NCO were taken in 19 cm. Debye—Schetrer cameras with Cu-K, radiation. 
The powdered salts were filled into thin-walled glass capillaries which were then sealed with 
picein wax. Single crystal rotation-oscillation photographs of silver cyanate were taken 
perpendicular to the three morphological axes of the crystal. The density of ammonium 
cyanate was measured by the density-gradient tube method; 7p, = 0°712, Yao, (1 molecule/unit 
cell) = 0-713,. 

The infrared spectra of the solid cyanates were taken with a Perkin-Elmer 21, double-beam, 
continuously recording spectrophotometer. A rock-salt prism was used in the range 4000— 
650 cm.“ and a potassium bromide prism in the range 800—400 cm... In all cases the solid 
was finely powdered and made into a mull, either with Nujol or with hexachlorobutadiene. 
The mull was then smeared between rock-salt or potassium bromide plates. 


I thank Dr. B. L. Evans for the oscillation—rotation photographs of silver cyanate. 


UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, February 5th, 1959.] 





500. Partial Reduction of Steroid Hormones and Related Substances. 
Part IlI.* The Reaction of «8-Unsaturated Ketones with Zinc in 
Acetic Acid. 


By JEAN McKenna, J. K. NoRYMBERSKI, and R. D. STUBBs. 


Under appropriate conditions, zinc in acetic acid reduced several 4: 5- 
unsaturated 3-oxo-steroids (IV) to the corresponding 3: 4-unsaturated 5a- 
and/or 58-compounds (V and VI respectively). The reaction was selective 
in the presence of isolated ketone and «a-ketol groups. 7-Oxocholesteryl 
acetate (VII) similarly gave 5a-cholest-6-en-38-yl acetate (VIII). The 
steroid 9-en-12-one and the triterpenoid 12-en-1l-one systems resisted treat- 
ment with zinc. 


It was shown in Part II that treatment of cortisone (I) with a tenfold (w/w) amount of 
zinc in hot aqueous acetic acid led to 11-dehydrocorticosterone (II) and that the elimination 
of the 17«-hydroxyl group was to some extent accompanied by the reduction of the 4-en-3- 
one grouping. Subsequently,) it was found that reduction was complete when the 
amount of zinc was increased 100-fold; the end-product was then not isolated but was 
tentatively formulated as a pregnene-11 : 20-dione (III). The present work? aimed at 
establishing more rigorously the structures of compounds formed on treatment of «f- 
unsaturated ketones, and especially of 4: 5-unsaturated 3-oxo-steroids, with zinc and 
acetic acid. 

When cortisone (I) or its 2l-acetate was treated with a 4000-fold quantity of zinc in 
acetic acid for an hour at room temperature, reaction in ring A was complete irrespective of 
the acid concentration, while reaction of the side chain was decreased with increasing acid 


* Part II, J., 1956, 517. 

1 Norymberski and Stubbs, Biochem. J., 1956, 64, 168. 

2 Cf. Norymberski, 16th Internat. Congréss Pure & Appl. Chem., Paris, 1957, Handbook, Vol. II, 
p. 186. 
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concentration and completely suppressed in glacial acetic acid (Fig. 1). A possible explan- 
ation lies in the ability of the 17«-hydroxy-20-oxo-grouping to undergo chelation,® the 
extent of which may be expected to affect the compound’s affinity to zinc and to be affected 


CH2-OH CH2*OH 
CO 





(III) 
Zn: (I) =A, 10:1; B, 1000: |. 


by the nature of the solvent. In view of the improved selectivity of the reaction in glacial 
acetic acid at room temperature, these conditions have been adopted in the following 
experiments. 
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Cholest-4-en-3-one (IVa) with zinc in glacial acetic acid afforded 5a-cholest-3-ene 4 
(Va) in ca. 40% yield. Testosterone acetate (IVb) gave two isomers, C,,;H3,0,, m. p. 117— 
118° and 138—141° respectively; both gave positive tests with tetranitromethane and 
exhibited apparent absorption maxima at 205 my (e ~ 1000), indicating the presence of 
disubstituted ethylenic bonds. The molecular rotation of the lower-melting isomer is 
consistent only with a 2: 3- or 3: 4-location of the double bond in a 5a-skeleton.6* The 
compound exhibits infrared bands associated with cis-ethylenic bonds which coincide with 
those of 5a-cholest-3-ene but not with those of 5a-cholest-2-ene or of methyl 58-chol-3- 
enate? (Table 2). Accordingly, it is formulated as 17$-acetoxy-5«-androst-3-ene (Vb). 
The molecular rotation of the higher-melting isomer requires the presence of a 2: 3- or 
3 : 4-ethylenic bond in a 58-compound.® Absorption in the olefinic C-H out-of-plane region 
(800—650 cm.) is closely related to that of methyl 58-chol-3-enate (Table 2). A 3:4- 
double bond being considered likely, the compound is assigned structure (VIb). 

Only one product was isolated on reduction of androst-4-enes3 : 17-dione (IVc); it is 


* Standard tables (ref. 6) record an increment of 194° for the introduction of the 3 : 4-ethylenic bond 
in the 5a-series. This is a misprint and should read 149° (personal communication from Dr. W. Klyne). 
The latter value has been used in this paper. 


3 Jones, Humphries, Herling, and Dobriner, J. Amer. Chem. Soc., 1952, 74, 2820; Norymberski, 
J., 1954, 762. 

* Lardelli and Jeger, Helv. Chim. Acta, 1949, 32, 1817. 

5 Bladon, Henbest, and Wood, J., 1952, 2737. 

* Klyne, in Braude and Nachod’s “‘ Determination of Organic Structures by Physical Methods,” 
Academic Press, New York, 1955. 

7 Henbest, Meakins, and Wood, /J., 1954, 800. 
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formulated as 5«-androst-3-en-17-one (Vc) on the basis of its rotational and spectroscopic 
properties (see Tables 1 and 2). The same product (Vc) was obtained on reduction with 
zinc in hot aqueous acetic acid. Reduction with sodium borohydride gave 5a-androst-3- 
en-178-ol (Vd) which, on acetylation, gave 17@-acetoxy-5«-androst-3-ene (Vb), identical 
with the product obtained directly from testosterone acetate (IVb). 





TABLE 1. 
A B A B 
c°) : 
(IV) H (V) H (VI) 
(V) (V1) 
[M]p [M]p [Mp [M]p 
A B Emax.* Found Calc.’ Guon,* Found Calc.’ 
a CH, CH-C,H,, 1200 +215° +240° _ _ +50° 
b CH, CH-OAc 1200 +135 +165 900 +0° —30 
c CH, co 1450 +390 +400 a = +210 
d CH, CH-OH — +145 +135 = — —55 
e CH-OH co - -- +500 1500 +315 +305 
f CO C(OH)-CO-CH,-OAc 2900 +565 —eé 3100 +470 —e 
g CH, CH-CO-CH, ne on +460 oe +2904 +4270 


The product from (IVe) is tabulated according to its rotation among 58-compounds, although its 
configuration at C;,, has not been established. 
* Amax. 205—206-5 mp. ° Calc. from standard tables (ref. 6) and approximated to the nearest 5°. 
Calculation unreliable (see text). # Butenandt and Westphal, ref. 11. 


Similarly, only one product was isolated on reduction of 118-hydroxyandrost-4-ene- 
3:17-dione (I[Ve). Its composition (C,,H,,0,) and spectroscopic characteristics (Amax. 
205 mu; Vmax. 3620, 3010, 1745, 1648 cm.-) indicate the structure of an 118-hydroxyandrost- 
3-en-17-one (VIe, except for configuration at C,,). Its rotation is in excellent agreement 
with that calculated for the 58-epimer (Table 1), and its absorption in the 800—650 cm. 
region with that expected for the 5«-epimer (Table 2). Elucidation of configuration at 
Cy, therefore awaits further study. 


TABLE 2. Infrared absorption maxima (cm.*). 


Compounds cis-Ethylenic bonds Oxygen functions 
3100— 1700— 
2950 600 800—650 
5a-Cholest-2-ene * 3034+ 1653+ 774w 664s 
5a-Cholest-3-ene * 3015¢ 1647 773s 671s 
Methyl 58-chol-3-enate * not reported . 783m 678s 
17B8-Acetoxy-5«-androst-3-ene (Vb) 3010 ¢ 1647 773s 735w 671s 1739 (OAc) 
178-Acetoxy-58-androst-3-ene (VIb) 3010 ~ 1648 783m 726w 680s 1741 (OAc) 
666m 
5a-Androst-3-en-17-one (Vc) 3010 $ 1647 773s 735w 67l1s 1744 (17-one) 
710w 
5a-Androst-3-en-17-ol (Vd) 3010 ¢ 773s 730w 669s 3640 (OH) 
118- Hydroxy- 5f-androst-3-en-178- 3010 ¢- 1648 792w 673s 3620 (OH) 
one (VIe) 773s 1745 (17-one) 
760w 
21-Acetoxy-17«-hydroxy-5«-pregn-3- 3010 t 1648 794m 749m 678s 3442 (OH) 
ene-11 : 20-dione (Vf) 779s 736m 663m _ 1756; 1731 (ketol 
770s acetate) 


1711 (11-one) 
21-Acetoxy-17a-hydroxy-58-pregn-3- 3010${ 1647 784s 735m 686s 3500 (OH) 
ene-11 : 20-dione (VIf) 773s 673s 1758; 1732 (ketol 
665s acetate) 
1710 (11-one) 
w = weak, m = medium, s = strong. Unless otherwise indicated, measurements in the 1700— 


1600 cm. region were carried out in chloroform, in other regions in carbon disulphide. 
* Reported by Henbest ef al.?. + In carbon tetrachloride. { Shoulder. 
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Cortisone acetate (IVf) afforded two isomeric products, C,,H3,0,;, m. p. 175—178° and 
211—214° respectively. The lower-melting isomer had the lower rotation, sublimed more 
readily in a vacuum, and was more readily eluted from alumina. Both compounds gave 
positive tests with tetranitromethane and with the phenylhydrazine-sulphuric acid reagent 
of Porter and Silber. They exhibited apparent absorption maxima at 206-5 muy (« ~ 3000); 
this is a strong indication of the presence of disubstituted double bonds when it is considered 
that the acetylated dihydroxyacetone grouping contributes to the extinction to the 
extent of 2000—2600.® Their infrared spectra confirmed the presence of the grouping 
—C(OH)-CO-CH,°OAc and revealed that of the 11-oxo-function; their complexity in the 
800—650 cm. region did not permit a more detailed characterisation of the ethylenic 
bonds. The cited properties of the two isomers, in the light of the foregoing examples, 
led us to formulate the lower-melting isomer as 2l-acetoxy-17a-hydroxy-58- (VIf) and 
the higher-melting isomer as 2l-acetoxy-17«-hydroxy-5«-pregn-3-ene-11 : 20-dione (Vf). 
Calculation of molecular rotations for structures (Vf) and (VIf) was not attempted, the 
available data 1° being considered insufficient to determine the rotational contribution of 
the side chain with reasonable accuracy or to assess any vicinal action between the side 
chain and the 11-oxo-group. 

In converting 36-hydroxypregn-5-en-20-one into progesterone (I[Vg) by the classical 
reactions—addition of bromine, oxidation with chromic trioxide, and debromination with 
zinc in acetic acid—Butenandt and Westphal " noted that vigorous execution of the last 
treatment led to the formation of a by-product which they formulated as pregn-4-en- 
20-one. However, its recorded molecular rotation. (+290°) is inconsistent with the 
proposed structure (calc. [M],, +500°) but in good agreement with the molecular rotation 
(+270°) calculated for 58-pregn-3-en-20-one (VIg), and hence the latter structure is now 
assigned to the compound. Butenandt and Westphal’s finding may now be considered as 
providing a further example of the general type of reaction here reported, although carried 
out under conditions different from those used by the present authors. 


—_> 
AcO ° AcO ‘ ° 
(VII) (VIII) (IX) 


Treatment with zinc of 38-acetoxycholest-5-en-7-one (VII) gave 38-acetoxy-5a-cholest- 
6-ene !* (VIII) and cholest-3 : 5-dien-7-one #8 (IX). Isolation of-the latter compound in 
substantial quantity (35°) is surprising since its direct treatment with zinc resulted in the 
complete disappearance of the dienone system. In this, as in other preparations, zinc was 
added portionwise; it is therefore unlikely that the dienone (IX) was formed during the 
treatment with zinc and that it resisted further reaction owing to the exhaustion of active 
centres on the zinc surface. More probably elimination of acetic acid occurred during 
working-up of the reaction mixture. 

In working-up of the mixtures obtained from (IVa) and (IVc), a few small, polar 
chromatographic fractions were isolated which gave a violet colour with trichloroacetic 
acid in chloroform.44 This being characteristic of allylic alcohols, the question arose 
whether they might act as intermediates in the reductive elimination of oxo-groups 
conjugated with ethylenic bonds. Cholest-4-en-38-ol (X) and -3«-ol (XI) were therefore 

8 Porter and Silber, J. Biol. Chem., 1950, 185, 201. 

® Bird, Norymberski, and Woods, J., 1957, 4149. 

10 Mathieu and Petit, ‘‘ Pouvoir Rotatoire Naturel, Vol. I, Stéroides,’” Masson, Paris, 1956. 

11 Butenandt and Westphal, Ber., 1934, 67, 2085. 

12 Plattner, Heusser, Troxler, and Segre, Helv. Chim. Acta, 1948, $1, 852; Barton and Rosenfelder, 
J-, 1949, 2459; Wintersteiner and Moore, J. Amer. Chem. Soc., 1950, 72, 1923. 


18 Mauthner and Suida, Monatsh., 1896, 17, 579. 
14 Rosenheim, Biochem. J., 1929, 28, 47. 
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treated with zinc. Of the 36-epimer 60° remained unchanged, 5°% was acetylated, and 
20% gave an olefinic fraction consisting essentially of 5a-cholest-3-ene (Va); -the corre- 
sponding fractions from the 3a-epimer amounted to 30, 55, and 10% respectively, the 


RS SS RS 


HO ! HO” 
(X) (Va) (XI) 


olefin remaining unidentified. Thus, both epimers reacted with zinc much more sluggishly 
than the corresponding ketone (IVa), and it is therefore improbable that either acts as an 
intermediate in the major reaction leading from (IVa) to (Va). This consideration does 


not rule out the intermediate formation of the allylic structure cei Bane leading to 
an olefin through the electronic displacement indicated or to the corresponding allylic 
alcohol through acetolysis of the O-Zn bond. Of incidental interest is the observation 
that contrary to expectation the quasi-axial 3«-ol was more readily acetylated and less 
readily hydrogenolysed than the quasi-equatorial 36-ol. A possible explanation is given 
by assuming that acetylation proceeds with fission of the C,)-O bond and that 
hydrogenolysis depends on initial adsorption on the zinc surface. 

Previously, oxygen was removed from a conjugated enone system with the concomitant 
shift of the ethylenic bond towards the original carbonyl-carbon atom by the Wolff- 
Kishner reaction.4 Effected by zinc in acetic acid, the same reaction has wider scope 
since it proceeds selectively in the presence of isolated carbonyl and «-ketol groups. In 
particular, its application to steroidal 4-en-3-ones provides a simple route to otherwise not 
readily accessible compounds. So far, two examples of unreactive conjugated enones 
have been found in 22a-bromo-9(11)-dehydrohecogenin acetate (9-en-12-one) and methyl 
glycyrrhetate acetate (triterpenoid 12-en-11-one). 

Reduction with zinc in acetic acid of 16-en-20-ones has been reported to lead to 
saturated 20-ketones 1® or to 16-en-20-ols.17 Since these transformations were brought 
about under conditions different from those used in the present investigation, it is not 
clear whether the difference is due to structure or experimental design. 


EXPERIMENTAL 


M. p.s were determined on a Kofler stage. Rotations refer to chloroform solutions at 15— 
20°, and ultraviolet absorption spectra to ethanol solutions. A Perkin-Elmer Model 21 
spectrometer was used for measurement of the infrared spectra recorded in Table 2. Specimens 
for analyses were dried in a high vacuum for 6—16 hr. at 60—100°. For chromatography 
Peter Spence’s grade H alumina was neutralised and reactivated. 

Treatment with Zinc: General Procedure.—A 0-005—0-01m-solution of the steroid in acetic 
acid was shaken at room temperature with 1000 g.-atoms of zinc dust (“ AnalaR’’) added in 
four equal portions at intervals of 15 min. Shaking was continued for a further 45 min. 
Surplus zinc was filtered off and washed with little acetic acid. Ice was added to the filtrate 
and then enough 3n-sodium hydroxide to neutralise nine-tenths of the acid. The mixture was 
extracted with ether or with ethyl acetate in the usual manner. 

Treatment of Cholest-4-en-3-one (IVa).—This compound (300 mg.), treated with zinc by the 
general procedure, gave a gum (270 mg.) which on repeated crystallisation from acetone 
furnished cholest-3-ene (Va) in needles (40 mg.), m. p. and mixed m. p. 74—75°, [a],, +58° (c 
0-70), Amax. 205-5 my (¢ 1200) (Found: C, 87-3; H, 12-5. Calc. for C,,H,,: C, 87-5; H, 12-5%). 
The infrared spectrum in carbon disulphide solution was identical with that of an authentic 


18 Cf. Shoppee, Agashe, and Summers, J., 1957, 3107. 


16 Marker, Crooks, and Wagner, J. Amer. Chem. Soc., 1942, 64, 210; Marker, Crooks, Wagner, and 
Wittbecker, ibid., p. 2090. 


17 Nes and Mason, ibid., 1951, 74, 4756; Ercoli and Ruggieri, Farm. sci. tec., Pavia, 1952,'7, 11, 129, 
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specimen kindly provided by Dr. J.C. Banerji. The following physical constants were previously 
reported: #18 m. p. 72—73°, 72—72-5°, and 74—75°; [«],, +65°, +57°, and + 55°. 

Concentration of the mother-liquors afforded a second crop (80 mg.; m. p. 71—74°) of the 
same product. 

The residue from final mother-liquors was chromatographed on alumina (10 g.). Light 
petroleum eluted gummy fractions (total 100 mg.) which gave a positive test with tetranitro- 
methane. Elution with mixtures of benzene and light petroleum afforded small quantities of 
amorphous fractions (total 8 mg.). Finally, benzene containing 2—5% of ethyl acetate eluted a 
few partly crystalline fractions (total 11 mg.), which gave a positive Rosenheim test and had 
[a], +74° (c 0-61). 

Treatment of Testosterone Acetate (IVb).—This compound (300 mg.) gave a product (260 mg.) 
which, crystallised first from methanol and then from ethanol, afforded 178-acetoxy-5a-androst- 
3-ene (Vb) in stout prisms (35 mg.), m. p. 117—118°, [a],, +42° (c 0-97), Amax. 205 my (¢ 1200) 
(Found: C, 79-8; H, 10-2. C,,H;,O, requires C, 79-7; H, 10-2%). 

The mother-liquors were brought to dryness. Crystallisation of the residue, first from 
ethanol and then from methanol, furnished 17-acetoxy-58-androst-3-ene (VIb) in thick 
rectangular plates (30 mg.), m. p. 138—141°, [a], +0° (c 0-80), Amax 204-5 my (e 900) (Found: C, 
80-0; H, 10-2%). 

Treatment of Androst-4-ene-3 : 17-dione (IVc).—(i) By the general procedure. This compound 
(300 mg.) gave a product (260 mg.) which on crystallisation from methanol and then from 
n-hexane furnished 5«-androst-3-en-17-one (Vc) in prisms (105 mg.), m. p. 125—126°, [aj], +141° 
(¢ 1-17), Amax, 205 my (e 1450) (Found: C, 84:2; H, 10-5. CC, H,,O requires C, 83-8; H, 10-4%). 
A second crop (50 mg.; m. p. 122—126°) was obtained from the mother-liquors. (ii) In hot 
aqueous acetic acid. A boiling solution of androst-4-ene-3 : 17-dione (300 mg.) in aqueous acetic 
acid (50% v/v; 300 ml.) was treated with four portions of zinc dust (4 x 15 g.) at 15-minute 
intervals. Heating under reflux was continued for 30 min. and the mixture worked up in the 
usual manner. The crude product (260 mg.) was chromatographed on alumina (20g.). Elution 
was effected with light petroleum—benzene containing gradually increasing proportions of the 
latter; the eluates were collected in fifty 4 ml.-fractions. Fractions 1—14 (60 mg.) failed to 
crystallise and were not further investigated. Fractions 15—38 crystallised from methanol in 
prisms, m. p. 124—126° undepressed on admixture with 5a-androst-3-en-17-one obtained in 
the preceding experiment, [@],, +145° (c 0-64) (Found: C, 83-6; H, 10-65. Calc. for C,,H,,O: 
C, 83-8; H, 10-4%). 

Fractions 39—50 contained only traces of material. Benzene (150 ml.) eluted an amorphous 
fraction (20 mg.) which gave a positive Rosenheim test but was not further characterised. 

Bovrohydride Reduction of 5a-Androst-3-en-17-one (Vc).—This compound (50 mg.) in methanol 
(5 ml.) was treated with sodium borohydride (25 mg.) for 1 hr. at room temperature. The 
usual working up followed by crystallisation from cyclohexane gave 5a-androst-3-en-178-ol (Vd) 
in needles, m. p. 147—150°, [aJ,, +52° (c 0-86) (Found: C, 82-9; H, 0-9. C,H 390 requires C, 
83-2; H, 11-0%). 

This was acetylated with acetic anhydride—pyridine at room temperature. Crystallisation 
from ethanol gave 17$-acetoxy-5a-androst-3-ene (Vb), m. p. 116—118°, [aj], +39° (c 0-92) 
(Found: C, 79-8; H, 9-9. Calc. for C,,H;,0,: C, 79-7; H, 10-2%), identical (mixed m. p.) with 
the product obtained from testosterone acetate (see above). 

Treatment of 118-Hydvoxyandrost-4-ene-3 : 17-dione (IVe).—This compound (600 mg.) was 
reduced by the general procedure. The crude product (550 mg.) furnished, from methanol, 
118-hydroxy-55-androst-3-en-17-one (Vie except for configuration at C;,) in needles (150 mg.), 
m. p. 145—147°, [a],, + 109° (c 1-15), Amax, 205 my (e 1500) (Found: C, 78-9; H, 9-7. C,,H,,O0, 
requires C, 79-1; H, 9-8%). . 

Treatment of Cortisone Acetate (1Vf).—The crude product (1-1 g.) obtained from this com- 
pound (1-2 g.) was chromatographed on alumina (80 g.). The first 33 fractions (120 mg.), 
eluted with carbon tetrachloride (3300 ml), consisted of small amounts (<10 mg. per fraction) 
of mainly amorphous material and were not further investigated. The next 7 fractions (500 mg.) 
were eluted by the same solvent (1400 ml.); their specific rotations increased in the order of 
elution from + 116° to +143’; each was crystallised from methanol; methanol and acetone- 
cyclohexane were used for recrystallisations, whereby crystals and mother-liquors of closely 
agreeing properties (m. p. and rotation) were combined. In this way, two apparently pure 


18 Barton and Rosenfelder, J., 1951, 1053; Alt and Barton, J., 1954, 4284. 
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compounds (120 mg. and 140 mg. respectively) were isolated and assigned the structures 
of 2l-acetoxy-17«-hydroxy-58- (VIf) and 21-acetoxy-17a-hydroxy-ia-pregn-3-ene-11 : 20-dione 
(Vf). Both compounds gave a positive test with tetranitromethane and with the phenyl- 
hydrazine-sulphuric acid reagent of Porter and Silber. The former compound (VIf) was more 
readily eluted from alumina and more soluble in methanol. It crystallised from acetone-cyclo- 
hexane in needles, m. p. 175—178°, [«],, + 121° (c 1-07), Amax. 206-5 and 294 my (¢ 3100 and 110) 
(Found: C, 70-9; H, 7:85. C,,H;,0, requires C, 71-1; H, 8-3%). The latter compound (Vf) 
crystallised from acetone-cyclohexane in platelets, m. p. 211—214°, [a], +145° (c 0-78), Amax. 
206-5 and 294 mu (e 2900 and 110) (Found: C, 71-2; H, 83%). 

Fractions (35 mg.) eluted with benzene (800 ml.) remained unidentified. Ether (700 ml.) 
eluted a product (80 mg.) which on crystallisation from acetone gave cortisone acetate, m. p. 
and mixed m. p. 240—242°, [a],, +220° (c 0-82), Amax 238 my (ce 14,700). Finally, methanol 
(700 ml.) eluted a yellowish gum which was not further investigated. 

Treatment of 38-Acetoxycholest-5-en-7-one (VII).—The crude product (280 mg.) obtained from 
this compound (300 mg.) by the general procedure was chromatographed on alumina (10 g.). 
Light petroleum (200 ml.) eluted a fraction (80 mg.) which furnished from acetone 38-acetoxy- 
cholest-6-ene (VIII) in long prismatic needles, m. p. 105-5—107° (undepressed on admixture 
with an authentic specimen kindly provided by Professor C. W. Shoppee, F.R.S.), [a], —92° 
(c 1-10) (Found: C, 81-2; H, 11-05. Calc. for C,.H,,O,: C, 81-3; H, 11-3%). The following 
physical constants were previously reported: #7 m. p. 104—105°, 103-5—104-5°, 104—106°, 
and 107—109°; [a],, —64°, —89°, and —88°. 

Elution of the column with more light petroleum (200 ml.) gave a small fraction (18 mg.; 
m. p. 65—96°) which was not further purified. Light petroleum—benzene (9:1 v/v, 200 ml.; 
and 8:2 v/v, 200 mil.) eluted cholesta-3 : 5-dien-7-one (IX) (96 mg.; m. p. 105—113°). 
Recrystallisation from acetone and then from methanol gave needles, m. p. 113—114° (un- 
depressed on admixture with authentic material kindly provided by Professor C. W. Shoppee, 
F.R.S.), [a], —315° (c 0-92), Amax 278 mp (e 23,700) (Found: C, 84-7; H, 11-0. Calc. for 
Cy,Hy,O: C, 84-75; H, 11-1%). Ruzicka and Prelog ® reported m. p. 114-5°, [a], —305°, Amax. 
280 my. (e 23,800). Treatment of this compound (5-6 mg.) with zinc by the general procedure 
afforded an amorphous product, [a],, —3° (¢ 0-51), Amax. 240 mp (E}%, 120). 

Light petroleum—benzene (1:1 v/v; 200 ml.) eluted an unidentified fraction (25 mg.; m. p. 
70—100°). Benzene (200 ml.) eluted a fraction (22 mg.) which from acetone gave prisms of 
38-acetoxycholest-5-en-7-one (VII), m. p. and mixed m. p. 160—162°, [a],, — 105° (c 0-32). 

Treaiment of Cholest-4-en-38-ol (X).—This compound (220 mg.) was treated with zinc by the 
general procedure. Chromatography of the crude product (195 mg.) on alumina (10 g.) gave, 
in order of elution, the following three main fractions. (i) Crystals (46 mg.; m. p. 56—68°) 
eluted by light petroleum (20 ml.); repeated crystallisation from acetone furnished pure cholest- 
3-ene (Va), m. p. and mixed m. p. 71-5—73°, [a], +61° (c 0-50) (Found: C, 87-1; H, 12-3. Calc. 
for C.,H4,: C, 87-5; H, 12-5%), infrared spectrum (in CS,) identical with that of an authentic 
specimen. (ii) Gum (10 mg.) eluted by light petroleum; this and the corresponding fraction 
(8 mg.) from an identical experiment were combined and treated with methanolic sodium 
hydroxide under reflux; the crude product of hydrolysis was chromatographed on alumina; 
benzene-ether (9: 1 v/v) eluted pure cholest-4-en-38-ol (8 mg.), m. p. and mixed m. p. 128— 
131°, [@],, +51° (c 0-45). (iii) Benzene-ether (9:1 v/v; 100 ml.) eluted cholest-4-en-38-ol 
(134 mg.), m. p. and mixed m. p. 131—132°, [a],, +50° (c 0-73). 

Treatment of Cholest-4-en-3a-ol (XI).—This compound (130 mg.) was treated with zinc by 
the general procedure. Resolution on alumina (5 g.) gave, in order of elution, the following 
fractions. (i) Gum (13 mg.; [aJ, +27°) eluted by light petroleum (20 ml.); it gave a positive 
tetranitromethane test and a negative Rosenheim test. (ii) Crystals (76 mg.; m. p. 75—82°) 
eluted by light petroleum—benzene (9:1 to 1:1 v/v; 50 ml.); crystallisation from methanol 
furnished pure 3a-acetoxycholest-4-ene, m. p. and mixed m. p. 79—81°, [a],, + 176° (c 0-79) (the 
authentic specimen had [a], +178° in chloroform, +213° in benzene). (iii) Gum (37 mg.) 
eluted by benzene-ether (9:1 to 4:1 v/v; 25 ml.); crystallisation from aqueous acetone 
furnished pure cholest-4-en-3a-ol (XI), m. p. and mixed m. p. 78—81°, [a], + 119° (c 0-60). 

Treatment of 23a-Bromo-9(11)-dehydrohecogenin Acetate.—The crude product from the usual 
treatment with zinc had Amax 238 my (E}%, 215). Crystallisation from chloroform—methanol 


1® Ruzicka and Prelog, Helv. Chim. Acta, 1943, 26, 975. 
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afforded 9(11)-dehydrohecogenin acetate, m. p. 212—216°, [a], —13° (c 0-90), Amax 238 mu 
(e 11,400). 

Treatment of Methyl Glycyrrhetate Acetate.—Usual treatment with zinc had no effect on the 
absorption intensity at 248 my (£}%, 220). Crystallisation from chloroform—methanol gave 
starting material, m. p. 302°, [a], + 135° (c, 0°74), Amax. 248 my (e 12,400). 


We are much indebted to Dr. A. E. Kellie for measurements of the infrared spectra and to 
Dr. W. Klyne for helpful discussions. Generous gifts of compounds from Glaxo Laboratories, 
Organon Laboratories, and N. V. Organon are gratefully acknowledged. 
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NETHER EpGE HOosPITAL, SHEFFIELD lI, 
and (present address) MEDICAL RESEARCH COUNCIL’S GROUP FOR 
RESEARCH ON THE CHEMICAL PATHOLOGY OF STEROIDS, 
Jessop HospiTAL FOR WOMEN, SHEFFIELD, 3. [Received, January 16th, 1959.] 





501. Alkylation of the Aromatic Nucleus. Part II The Scope 
of the Reaction. 


By N. G. RULE and W. J. HICKINBOTToM. 


It is shown that thermal decomposition of alkyl and cycloalkyl esters of 
sulphonic acids can be used to alkylate biphenyl, diphenylmethane, bibenzyl, 
naphthalene, fluorene, acenaphthene, and phenanthrene. This method is 
unsuccessful with anthracene ‘and pyrene. 

The temperature of decomposition of esters of arenesulphonic acids can 
be related to the nature of the substituents in the aromatic ring. 


In Part I} it is shown that cyclohexyl, butyl, and isopropyl toluene-f-sulphonates 
decompose thermally in toluene and its homologues to introduce an alkyl or cyclohexyl 
group into the benzene ring. This reaction provides another method of alkylating the 
aromatic nucleus, and it is obviously desirable to determine the limits of its usefulness 
and application. 

Esters of primary alcohols can be used for alkylation although at the expense of 
largely isomerising the alkyl group. The temperatures required for satisfactory alkylation 
by use of sulphonic esters of primary alcohols, except benzyl and substituted benzyl, are 
higher than for the isomeric secondary alcohols; this reflects the greater general thermal 
stability of the esters of primary than of those of secondary alcohols.? Indeed, the 
temperature of decomposition of alkyl esters of sulphonic acids has a direct relation to the 
facility of alkylation; the lower the decomposition temperature, the easier the alkylation. 
The temperature of decomposition of arenesulphonates is also determined by the nature 
of the Bz-substituents, and in the accompanying table the m. p. and decomposition 
temperatures of a number of cyclohexyl esters are given. 


Cyclohexyl esters. 
Found (%) 
M.p. Decomp. C H S 

2,5-Dichlorobenzenesulphonic acid .............+++++ 106° 106° 46-2 4-4 10-5 
2,5-Dibromobenzenesulphonic acid..............+0++ 115 115 36-6 3-5 8-1 
p-Chlorobenzenesulphonic acid ...........sseeee0ee 35—36 116 52-2 5-1 11-8 
p-Bromobenzenesulphonic acid ...........2eeeeeeees 47—48 118 45-1 4-2 9-9 
Benzenesulphonic acid ...........0.ccccccccscesccoseees 41—42 136 

Toluene-p-sulphonic acid —..........seeeeeecereeeecees 45—46 139 

2,4,6-Trimethylbenzenesulphonic acid ............ 62—63 155 64-1 7:7 11-2 


All these esters decompose in boiling mesitylene to give good yields of cyclohexyl- 
mesitylene; similarly cyclohexylbenzene was prepared by thermal decomposition in 


1 Part I, Hickinbottom and Rogers, J., 1957, 4124. 
2 Drahowzal and Klamann, Monatsh., 1951, 82, 467. 
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benzene of these esters with the exception 2,4,6-trimethylbenzenesulphonate. This 
ester was largely unchanged after refluxing for 3 days; longer heating gave a mixture 
containing mesitylene and probably some cyclohexylbenzene and other products. 

The direct introduction of alkyl groups into polycyclic aromatic hydrocarbons such as 
fluorene, acenaphthene, or phenanthrene has not yet been systematically or frequently 
studied. Adequate summaries are available for naphthalene.* Friedel-Crafts reaction 
of naphthalene with alkyl halides is not invariably a good or even useful method, although 
there are some exceptions. Some success has been reported in using olefins and alu- 
minium chloride; alcohols and boron trifluoride also give alkylnaphthalenes,' although 
our result does not agree with that of the authors who described the method. 

We find that when the cyclohexyl group is introduced into naphthalene a high propor- 
tion of the 6-isomer is formed (40%) together with the a-isomer; with benzyl, the product 
is mainly the «-isomer; with s-butyl the product consists of a mixture of 20% of B- and 80% 
of «-isomer; isopropyl gives mainly «.1 The nature of the alkyl group thus seems to have 
a marked influence on the extent of 8-substitution in naphthalene. 

In the alkylation of fluorene by this method substitution in the 2-position has been 
established for s-butyl and by analogy also for cyclohexyl groups; it is reasonably certain 
that other isomers, not yet characterised, are also present. It is noteworthy that mono- 
chlorination, -bromination, and -nitration and -acylation are reported to occur only in the 
2-position ; * the introduction of benzyl by reaction of fluorene with benzyl chloride and a 
suitable condensing agent also occurs in the 2-position. 

Alkylation of acenaphthene by thermal decomposition of cyclohexyl and s-butyl 
esters occurs mainly in the 5-position, and here also there is good reason for presuming 
the presence of other isomers in smaller amount. Mayer and Kaufmann § report the 
formation of 5-ethylacenaphthene from acenaphthene and ethyl bromide in carbon di- 
sulphide with aluminium chloride. On the other hand, Dziewonski e¢ al.® find that 5-benzyl- 
acenaphthene with the 3- or the 4-isomer is formed from benzyl chloride, acenaphthene, 
and zinc chloride. In contrast, halogenation is reported to give 5-halogeno-substituted 
acenaphthenes; and nitration to give 3- and 5-mononitro-compounds. 

The alkylation of biphenyl, diphenylmethane, and bibenzyl was also examined; 
substitution occurs mainly in the para-position. Ifcyclohexyl esters are used for alkylation, 
the products, since they can be dehydrogenated smoothly, furnish useful starting points 
for the preparation of linear polyphenyls and polyphenylalkanes. 


EXPERIMENTAL 


Alkylation of Polycyclic Hydrocarbons.—The general method of alkylation was to stir the 
sulphonic ester with an excess of the fused hydrocarbon at a suitable temperature. The onset 
of reaction was generally indicated by a darkening, but heating and stirring were continued 
for some hours in order to complete the reaction.’ 

A solvent, generally ether, was added to the cooled reaction mixture, the free sulphonic 
acid was removed by alkali, and then the dried solution was distilled to remove solvent and excess 
of hydrocarbon. The alkylated hydrocarbon was then distilled over and purified by a suitable 
method. : 

Reactions of Cyclohexyl Benzenesulphonate.—(a) Biphenyl. Cyclohexyl benzenesulphonate 
(120 g.) and biphenyl (154 g.) at 90° for 3 hr. gave a product which was roughly separated: 
(i) b. p. 192—236°/16 mm., 55 g.; (ii) b. p. 186—258°/0-8 mm., 16-1 g.; (iii) a stiff gum not 

% (a) Elsevier’s ‘“‘ Encyclopaedia of Organic Chemistry,” Vol. 12B, pp. 31, 32; (6) Price, “‘ Organic 
Reactions,”’ 3, 53. 

* (a) Bromby, Peters, and Rowe, J., 1943, 144; (b) Whitmore and James, J. Amer. Chem. Soc., 
1943, 65, 2088. 

5 (a) Price and Ciskowski, ibid., 1938, 60, 2499; (b) Price and Tomisek, ibid., 1943, 65, 439. 

* (a) Buffle, Helv. Chim. Acta, 1932, 15, 1483; (6) Courtot, Ann. Chim., 1930, 14, 5; (c) Thurston 
and Shriner, J]. Amer. Chem. Soc., 1935, 57, 2163. 

7 Dziewonski and Reicher, Chem. Abs., 1933, 27, 283. 

8 Mayer and Kaufmann, Ber., 1920, 58, 289. 

® Dziewonski and Leonhard, Chem. Abs., 1930, 24, 2126. 
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distilled or further examined. Fraction (i) consisted of cyclohexylbiphenyls, from which 
4-cyclohexylbiphenyl was obtained by crystallisation from alcohol; it had m. p. 77—77-5° 
(Found: C, 91-7; H, 8-5. Calc. for C,gHy»: C, 91-5; H, 8-5%). Fraction (ii) was recrystal- 
lised from alcohol—benzene to give 4 : 4’-dicyclohexylbiphenyl, m. p. 201—202° (Found: C, 90-1; 
H, 9-4. Calc. for C,,H39: C, 90-5; H, 9-5%) (Basford !° gives for 4-cyclohexylbipheny]l, m. p. 
74-5°; for 4: 4’-dicyclohexylbiphenyl, m. p. 205°). 

(b) Diphenylmethane. Cyclohexyl benzenesulphonate (80 g.) and diphenylmethane 
(336 g.) at 110° for 4 hr. gave a product, b. p. 229—238°/25 mm., m,,*° 1-5735—1-5728 (33 g.), 
which slowly deposited crystals. They were purified by crystallisation from methyl alcohol 
to give 4-cyclohexyldiphenylmethane, m. p. 48—49° (Found: C, 91-0; H, 8-8. C,H.» requires 
C, 91-1; H, 8-9%). This was dehydrogenated with selenium at 320° for 6 days; sublimation 
of the product after removal of unchanged selenium gave 4-phenyldiphenylmethane, m. p. 
86—87° after crystallisation from alcohol (Found: C, 93-6; H, 6-4. Calc. for C,gH,,: C, 93-4; 
H, 66%). Bodroux™ records b. p. 252—257°/35 mm., m,® 1-587, for cyclohexyldiphenyl- 
methanes prepared by the interaction of cyclohexene with diphenylmethane in presence of 
aluminium chloride. Goldschmiedt ” gives m. p. 85° for 4-phenyldiphenylmethane. 

(c) Bibenzyl. Cyclohexyl benzenesulphonate (60 g.) and bibenzyl (95 g.) at 120° for 4 hr. 
gave 1-cyclohexylphenyl-2-phenylethane, b. p. 236—254°/14 mm. (30-6 g.). This solidified 
almost completely; it was freed from adherent oil by draining and was then crystallised from 
alcohol to give pure 1-p’-cyclohexylphenyl-2-phenylethane, m. p. 69—69-5° (Found: C, 91-0; 
H, 9-1. CyoHy, requires C, 90-9; H, 9:1%). This was dehydrogenated with selenium at 
320° for 4 days; 1-p-biphenylyl-2-phenylethane was obtained, m. p. 109-5—110° after sublim- 
ation under reduced pressure and crystallisation from alcohol (Found: C, 92-6; H, 7-1. Cale. 
for C,,H,,: C, 93-0; H, 7-:0%). Bergmann? records m. p. 109°; Bodroux™ describes a 
cyclohexylbibenzyl, m. p. 68—69°, which is probably identical with our preparation. 

(d) Naphthalene. From cyclohexyl benzenesulphonate (120 g.) and naphthalene (192 g.) at 
100° for 2 hr., there were obtained cyclohexylnaphthalenes, b. p. 176—200°/13 mm., ,*° 
1-6020—1-6016 (55-7 g.); a fraction, b. p. 230—266°/13 mm. (11-8 g.), was a viscid intractable 
oil, not further examined. Further fractionation of the main product concentrated it within 
the range 180—185°/13 mm., »,*° 1-6020 (Found: C, 91-4; H, 8-6. Calc. for CygH,,: C, 91-4; 
H, 8-6%). This is a mixture of 1- and 2-cyclohexylnaphthalene. From its infrared spectrum 
and that of the pure components, it is estimated to contain 60% of the 1- and 40% of the 
2-isomer. The former was isolated as its picrate, orange crystals, m. p. 122—123-5° after 
crystallisation; this was identical with that from another source. Dehydrogenation of another 
portion of the mixture by selenium at 310° for 7 days gave 2-phenylnaphthalene, m. p. 101— 
102-5° (Found: C, 93-7; H, 5-8. Calc. for C,,H,,: C, 94-1; H, 59%). 

Preparation of 1-Cyclohexylnaphthalene.—Boron trifluoride was passed into a suspension of 
naphthalene (50 g.) in cyclohexanol (38 g.), Price and Ciskowski’s procedure being used.®# 
There was obtained: a mixture (28-5 g.) of cyclohexylnaphthalenes,.b. p. 182—194°/14 mm., 
n,**> 1-5969. Price and Ciskowski claimed that this is essentially 2-cyclohexylnaphthalene; 
picrate m. p. 100°. Instead it proved to be a convenient source of 1-cyclohexylnaphthalene. 
For this purpose, the mixed cyclohexylnaphthalenes were distilled over sodium, and the 
fraction of b. p. 194—201°/23 mm. converted in alcohol into picrate. The crude picrate thus 
obtained had m. p. 114—119°, raised to 127—128° after several crystallisations from alcohol 
containing some picric acid. 1-Cyclohexylnaphthalene liberated from the picrate had b. p. 
178—183°/12 mm., »,,1** 1-6040 (Found: C, 91-3; H, 8-6. Calc. for C,,H,,: C, 91-4; H, 86%) 
(Cook and Lawrence ** give b. p. 118—120°/0-3 mm., n," 1-6000; picrate, m. p. 122—123-5°). 
Its infrared spectrum gave no indication of any 2-cyclohexylnaphthalene. 

Preparation of 2-Cyclohexylnaphthalene.—This was prepared by adding powdered aluminium 
chloride (20-5 g.) to a warm and stirred homogeneous mixture of naphthalene (200 g.) and 
cyclohexene (41 g.). After being kept overnight, it was worked up in the usual way to give 
crude 2-cyclohexylnaphthalene, b. p. 290—315°, which solidified. It was purified through its 
picrate, m. p. 99—100°; the pure hydrocarbon, crystallised from chilled methyl alcohol, had 


10 Basford, J., 1936, 1593. 
11 Bodroux, Ann. Chim., 1929, 11, 511. 
12 Goldschmiedt, Monatsh., 1881, 2, 433. 
13 Bergmann and Weizmann, J. Org. Chem., 1944, 9, 408. 
14 Cook and Lawrence, J., 1936, 1431. 
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m. p. 31—32° (Found: C, 91-7; H, 85%). From its infrared spectrum, it contained no 
detectable amount of the 1-isomer (Bodroux ™ records for 2-cyclohexylnaphthalene, m. p. 31°; 
picrate m. p. 100—101°). , 

2-Phenylnaphthalene was obtained by dehydrogenation of 7-cyclohexyl-1,2,3,4-tetra- 
hydronaphthalene with selenium at 315° for 3days. It melted at 103—103-5° (Found: C, 94-0; 
H, 6-0. Calc. for C,,H,,: C, 94-1; H, 5-9%). The substituted tetralin, b. p. 112—117°/0-2 
mm., »,?** 1-5500 (Found: C, 89-9; H, 10-2. Calc. for C,,H,,: C, 89-6; H, 10-4%), from the 
reduction of 7-cyclohexyl-1-tetralone by hydrazine hydrate (100%) and potassium hydroxide 
in ethylene glycol, is probably identical with that described by Bodroux ™ as cyclohexyltetralin 
from cyclohexene, tetralin, and aluminium chloride. 

7-Cyclohexyltetralone was obtained by cyclisation of y-p-cyclohexylphenylbutyryl chloride 
(Buu-Hoi, Fieser 1*). 

Reaction with Benzyl Benzenesulphonate-——Naphthalene (150 g.) and benzyl benzenesul- 
phonate (90 g.) when heated reacted even before the mixture had become homogeneous. The 
reaction was completed by keeping the mixture at 120° for 3 hr. Benzylnaphthalene (18-2 g.) 
was collected at 223—-232°/27 mm.; it solidified to a brown solid. Pure 1-benzylnaphthalene, 
obtained by crystallisation from alcohol, melted at 59—60-5° (Found: C, 93-3; H, 6-4. Calc. 
for C,,H,,: C, 93-5; H, 65%), and was characterised by its picrate, yellow crystals, m. p. 
104—105°, from alcohol (Roux ! gives for 1-benzylnaphthalene, m. p. 59°; for the picrate, 
m. p. 103—104°). 

Reactions of Fluorene.—(i) With cyclohexyl benzenesulphonate. Fluorene (166 g.) and the 
sulphonic ester (60 g.) at 140° for 1 hr. gave nearly pure cyclohexylfluorene (40 g.), b. p. 180— 
215°/1-5 mm. 2-Cyclohexylfluorene, m. p. 130—132°, was obtained by crystallisation from 
alcohol (Found: C, 91-9; H, 8-1. CygH,9 requires C, 91-9; H, 8-1%). A picrate could not 
be prepared. 

(ii) With s-butyl benzenesulphonate. Fluorene (83 g.) and s-butyl benzenesulphonate (53 g.) 
were heated to 120°; a vigorous reaction occurred with evolution of butene and the temperature 
of the mixture rose to 160°. The reaction was completed by cooling to 120° and keeping the 
mixture at this temperature for 1 hr. The product was concentrated by a number of distil- 
lations into fractions, b. p. 190—200°/14 mm., m,*° 1-6060—1-6015, which were essentially 
butylfluorenes (Found: C, 91-9; H, 8-2. Calc. for C,,H,,: C, 91-8; H, 82%). These liquid 
fractions deposited crystals when kept in a refrigerator for some days. These were 2-s-butyl- 
Sluorene, m. p. 47-5—48-5°, from methyl alcohol (Found: C, 91-8; H, 83%). A picrate could 
not be prepared. Nitration of the butylfluorene mixture in acetic acid by nitric and sulphuric 
acids gave a pale brown solid, m. p. 301-5°, which is probably a dinitro-compound although 
a satisfactory analysis was not obtained (Found: N, 9-4. C,,H,,0,N, requires N, 9-0%). 

Preparation of 2-s-Butylfluorene.—Hydrogenation of 2-s-butenylfluorene (Pd-C, ethyl 
alcohol, 3 atm.) gave a semisolid from which 2-s-butylfluorene was obtained by sublimation 
and crystallisation from alcohol; it had m. p. 47—48°, unchanged by admixture with a sample 
from the alkylation (Found: C, 91-6; H, 83%). Use of Raney nickel (W.4) for the hydro- 
genation in ethyl alcohol at 3 atm. gave a solid, m. p. 176—177°, from alcohol. . It decolorises 
bromine in carbon tetrachloride and is presumably an unsaturated dimer (Found: C, 92:8; 
H, 7-1%; M, 383. C,H 3, requires C, 92-7; H, 7:°3%; M, 440). From the more soluble 
portion of the hydrogenation product, 2-s-butylfluorene was isolated by sublimation. 

2-s-Butenylfluorene was prepared by reaction of 2-acetylfluorene with ethylmagnesium 
bromide and boiling the product with acetic anhydride. The solid thus obtained melted over a 
range of 105—118° even after several crystallisations, and is probably a mixture of stereo- 
isomers (Found: C, 92-5; H, 7-2. (C,,H,, requires C, 92-7; H, 7-3%). 

Reactions of Acenaphthene.—(i) With cyclohexyl benzenesulphonate. From acenaphthene 
(154 g.) and the sulphonic ester (80 g.) at 120° for 8 hr., a product was collected between 185° 
and 210°/2 mm. (yield 42 g.); the greater part boiled at 194—196°/2 mm. and from it 5-cyclo- 
hexylacenaphthene, m. p. 88—88-5°, was isolated (Found: C, 91-6; H, 8-3. Calc. for C,.H49: 
C, 91-5; H, 8-5%); its picrate formed bright orange spikes, m. p. 95—96° (Buu-Hoi }* gives 
m. p. 84°; picrate, orange, m. p. 98°, for 5-cyclohexylacenaphthene from cyclohexene, 


18 Buu-Hoi, Bull. Soc. chim. France, 1944, 11, 127. 
16 Fieser, J. Amer. Chem. Soc., 1948, 70, 3200. 

17 Roux, Ann. Chim., 1887, 12, 289. 

18 Buu-Hoi, Compt. rend., 1945, 220, 236. 
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acenaphthene, and aluminium chloride). It was not possible to isolate any other isomer from 
the more fusible parts of this product. 

(ii) With s-butyl benzenesulphonate. From acenaphthene (154 g.) and s-butyl benzene- 
sulphonate (160 g.) at 110° for 5 hr., there were obtained but-2-ene (5 c.c.) and a mixture of 
butylacenaphthenes, b. p. 142—163°/1-5 mm., m,*° 1-5870 (42 g.). Further distillation gave a 
fraction, b. p. 132—134°/1 mm., ,* 1-5987 (Found: C, 91-2; H, 86. Calc. for C,Hy,: 
C, 91-4; H, 86%). The infrared spectrum indicated that this contained 5-s-butylacenaphthene 
with probably a small amount of the 3-isomer and other isomers not identified. 

Preparation of 3-s-Butylacenaphthene.—To ethylmagnesium bromide [from magnesium 
(2-5 g.)] was added a solution of 3-acetylacenaphthene (6 g.) (Fieser and Herschberg 1°) in ether 
(100 c.c.) The resulting alcohol was dehydrated by boiling acetic anhydride for 10 hr. 
3-s-Butenylacenaphthene (4-7 g.) thus obtained boiled at 152—156°/1 mm., ,!° 1-6349—1-6370 
(Found: C, 92-6; H, 7-6. C,,H,, requires C, 92-3; H,7-7%). It was hydrogenated in ethanol 
(Pd-C, 3 atm.) to give 3-s-butylacenaphthene, b. p. 141—146°/1 mm., m, 1-6010 (Found: 
C, 91:3; H, 8-9. C,,H,, requires C, 91-4; H, 8-6%). 

Preparation of 5-s-Butylacenaphthene.—This was prepared from 5-acetylacenaphthene 
(Graebe *°) by the same procedure as for the 3-isomer. It is a solid, m. p. 44—46° (Found: 
C, 91-3; H, 8-6%). 

5-s-Butenylacenaphthene had b. p. 132—134°/1 mm., u,® 1-6233—1-6244. 


The authors of this and the next three papers are grateful to the Hydrocarbons Research 
Group of the Institute of Petroleum for support and the Department of Scientific and Industrial 
Research for a maintenance grant (S.M.G.). They also thank the British Petroleum Co. Ltd., 
Research Station, Sunbury, Dr. H. Campbell of May & Baker Ltd., and the Director of the 
National Chemical Laboratory for infrared spectra and discussions, and Dr. Puttnam of this 
College for gifts of butylcresols. 
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19 Fieser and Herschberg, J. Amer. Chem. Soc., 1939, 61, 1272. 
20 Graebe, Annalen, 1903, 327, 77. 


502. Alkylation of the Aromatic Nucleus. Part III.* The 
Reaction of Phenols with the n-Butyl Ester of Methanesulphonic Acid. 


By M. S. Grant and W. J. HickINBOTTOM. 


A butyl group is introduced into monohydric phenols when they are 
heated with n-butyl methanesulphonate. Olefin is not liberated and the 
n-butyl group is isomerised to s-butyl. There is evidence that phenol is 
substituted in the meta-position as well as in the ortho- and para-positions. 


THE earlier work } has been mainly concerned with the introduction of alkyl groups into 
the aromatic nucleus of toluene and its homologues by the thermal decomposition of the 
arenesulphonic esters of secondary alcohols or of benzyl alcohol. The work now described 
examined the behaviour of a sulphonic ester of a primary alcohol capable of isomerisation, 
and determined whether alkylation is accompanied by isomerisation, and to what extent. 

The sulphonic esters of primary alcohols, except benzyl, are much more stable than 
those of secondary alcohols and require inconveniently high temperatures to permit use 
in alkylation. Phenols were therefore used in this study, advantage being taken of their 
acidic character to promote decomposition of the sulphonic ester. Butyl methanesul- 
phonate was selected; the n-butyl group fulfils the necessary conditions and the ester 
can be prepared conveniently in good yield and purified simply by distillation. 

The alkylations were smooth with all the monohydric phenols examined except 


* Part II, preceding paper. 


1 (a) Féldi, Ber., 1928, 61, 1609; (b) Hickinbottom and Rogers, J., 1957, 4124; (c) Nenitzescu, Joan, 
and Teddorescu, Ber., 1957, 90, 585. 
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1-naphthol which gave a glass; quinol and resorcinol gave only intractable tars. -Di- 
methoxybenzene, however, reacted normally to give 2-butyl-1,4-dimethoxybenzene, 
with some /-anisole and butene. It is significant that in all alkylations of monohydric 
phenols no butene was evolved, although in all other alkylations with butyl esters of 
sulphonic acids, butene was formed with the expected alkylation products. 

It is clear (see Experimental) that the n-butyl group is very largely isomerised to 
s-butyl and that there is no sure evidence that the normal structure survives in these 
alkylations. Yet an examination of the spectra of liquid products of alkylation reveals 
small differences; bands are present which do not occur in the spectrum of the corre- 
sponding s-butyl compound. Thus the alkylation product of #-chlorophenol is a liquid, 
although both 4-chloro-2-s- and -2-n-butylphenol are solid, and its infrared spectrum shows 
absorption bands at 8-1, 8-4, 9-58, and 10-8 u not present in the spectrum of 4-chloro-2-s- 
butylphenol. Similarly, the liquid portion of the product of alkylation of p-cresol, after 
separation of the bulk of 4-methyl-2-s-butylphenol, has bands at 8-9, 10-8, 11-9 » not 
present in the spectrum of 2-s-butyl-f-cresol. It would be unwise, in the absence of 
supporting evidence, to accept this as indicating the presence of n-butyl compounds. 
Indeed, these bands may arise from the presence of substituted phenols having the butyl 
group meta to the hydroxyl group. This view is supported by examination of the infrared 
spectrum of a fraction from the product of alkylation of phenol with butyl methane- 
sulphonate. It shows peaks at 10-9, 11-55, 12-5, and 12-8 » which are not present in the 
spectra of o- and #-n- and -s-butylphenols but are present in the spectrum of m-s-butyl- 
phenol. 

If these interpretations are correct, and they find support in the isolation from the 
mixture of a phenylurethane having the melting point of that from m-s-butylphenol, they 
can be used to provide more evidence of the low selectivity of a carbonium ion in aromatic 
substitution. An alternative explanation, not yet excluded, is that groups can migrate 
within the phenol under the influence of methanesulphonic acid. 


EXPERIMENTAL 


Preparation of Butyl Methanesulphonate.—A stirred mixture of n-butyl alcohol (37 g.) and 
pyridine (80 g.) was kept at —5° while methanesulphonyl! chloride (57-3 g.) was run in slowly 
and regularly. After 4 hr., the thick mixture was kept overnight in a refrigerator and then 
treated with about 500 c.c. of water and acidified with hydrochloric acid—crushed ice. The 
oil was taken up in ether; the e*hereal solution was washed with dilute hydrochloric acid till 
free from pyridine, then with wate: till neutral, and dried (K,CO,). Butyl methanesulphonate 
(58-5 g.), obtained by distillation, had b. p. 73—75°/1 mm., ,,”° 1-4271 (Found: C, 39-9; H, 7-5; 
S, 21-0. Calc. for C;H,,0,S: C, 39-5; H, 7-9; S, 21-1%) (Sekera and Marvel? give b. p. 
105°/6 mm., ,,”° 1-4319). 

Reaction of n-Butyl Methanesulphonate with Phenols.—The following general procedure was 
used; the phenol (~1 mole) was stirred with the sulphonic ester (~0-25 mole) at about 140°. 
Arrangements were made to collect, in cold traps, the butenes which might be liberated. In 
general, the onset of alkylation could be recognised by darkening of the mixture. 

The product was isolated by diluting the mixture with ether and removing the free methane- 
sulphonic acid with an excess of saturated sodium carbonate solution. The ether solution, 
after being washed and dried, was distilled to remove the unchanged phenol. Further 
distillation through a spinning-band column (Haage) under reduced pressure gave a series of 
fractions of narrow boiling range which were examined for the presence of n- and s-butyl- 
substituted phenols. It was possible in some preparations to isolate pure material which 
could be identified by physical constants, by preparation of derivatives, and by infrared 
spectroscopy. 

(a) With phenol. The reaction was carried out at 160° for 90 hr. with 39 g. of ester. The 
product was separated by alkali into diphenyl ether (4-5 g., b. p. 230—240°, m. p. 24—26°; 


* Smoot and Brown, J. Amer. Chem. Soc., 1956, 78, 6245. 
3’ Sekera and Marvel, ibid., 1933, 55, 345. 
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picrate, m. p. 109—110°; nitro-derivative, m. p. 135°; these m. p.s were unchanged by ad- 
mixture with authentic specimens) and butyl-phenols, b. p. 124—129°/19 mm., m,”° 1-5289— 
1-5180 (26-7 g.). 

Crystallisation of the phenylurethanes of the butyl-phenols of fractions of b. p. 128—129°/19 
mm. gave two main crops: (i) m. p. 101—102° (Found: C, 76-1; H, 7-2; N, 5-2. Calc. for 
C,,H,,0O,N: C, 75-8; H, 7-1; N, 5-2%) not depressed by admixture with the phenylurethane 
of p-s-butylphenol; (ii) m. p. 71—73° (Found: C, 75-9; H, 7:2; N, 5-4%) depressed to 57—58° 
by admixture with the phenylurethane of o-n-butylphenol (m. p. 71—72°), depressed to 61—64° 
by admixture with the phenylurethane of o-s-butylphenol (m. p. 84 85°), depressed to 68—70° 
by admixture with the phenylurethane of m-s-butylphenol (m. p. 71—72°). 

Comparison of the infrared spectrum of the product with that of each of the possible 
isomeric butylphenols shows that o- and p-s-butylphenols are present and that the m-isomer 
is almost certainly a constituent of the mixture. There is no clear evidence of the presence of 
o- or p-n-butylphenols. 

3-s-Butylphenol, b. p. 60°/0-1 mm., n° 15109 (Found: C, 79-4; H, 9-0. C,9H,,O requires 
C, 80-0; H, 94%) [phenylurethane, m. p. 71—72° (Found: N, 5-3. C,,H,,O,N requires 
N, 5:2%)], was prepared by the demethylation of 3-s-butylanisole ” (12 g.) by boiling with 
concentrated hydriodic acid and acetic acid (equal vols., 200 c.c.) for 4 hr. 

(b) With p-chlorophenol. After 45 hr. at 140°, a crude butyl-4-chlorophenol was obtained, 
b. p. 140—160°/16 mm., m,,”° 1-5362—1-5340. Another distillation gave two fractions: b. p. 
140—144°/16 mm., n,,”° 1-5362 (2-0 g.) (Found: C, 65-2; H, 7-2. Calc. for CjgH,,OC1: C, 65-0; 
H, 7:1%), and b. p. 144—155°/16 mm., ,”° 1-5355 (40 g.). No crystalline derivative could be 
prepared by reaction with either phenyl or l-naphthyl isocyanate. From the infrared spectra 
of these fractions, it is apparent that the main constituent is 4-chloro-2-s-butylphenol. 
4-Chloro-2-s-butylphenol, m. p. 49—51°, b. p. 126—128°/12 mm. (Found: C, 65-5; H, 7-0%), was 
prepared from boron trifluoride and a mixture of 4-chlorophenol and butan-2-ol in light 
petroleum. 

2-n-Butyl-4-chlorophenol, m. p. 34—36° (Found: C, 65:2; H, 69%), was prepared by 
reduction of 2-n-butyryl-4-chlorophenol [m. p. 52—54°; 2: 4-dinitrophenylhydrazone, m. p. 
225—226° (Found: N, 14-4; Cl, 9-6. (C,.H,,O;N,Cl requires N, 14-8; Cl, 9-4%)], with 
amalgamated zinc and hydrochloric acid in acetic acid (Klarmann e¢ al.‘ give m. p. 50-5° for 
the ketone). 

(c) With 2,4-dichlorophenol. This gave after 40 hours at 140°, 2,4-dichloro-6-s-butylphenol, 
b. p. 138—140°/22 mm., m,*° 1-5412 (15 g.) (Found: C, 54:2; H, 5-4. Cj, 9H,,OCl, requires 
C, 54:8; H, 55%); the phenylurethane, m. p. 106—108°, was identical with that, m. p. 107— 
109° (Found: N, 4:3. C,,H,,O,NCl, requires N, 4:1%), from 2,4-dichloro-6-s-butylphenol 
[b. p. 136—138°/19 mm., ,° 1-5381 (Found: C, 54-9; H, 5-4%)], prepared from 2,4-dichloro- 
6-s-butenylphenol, b. p. 142—144°/19 mm., m,,*° 1-5578 (Found: C, 55-2; H, 48. Cj 9H,OCl, 
requires C, 55-3; H, 46%). The latter was obtained in 40% yield by heating crotyl 2: 4-di- 
chlorophenyl ether (below) in three times its weight of dimethylaniline for 3 hr.; it had b. p. 
142—144°/19 mm., m,,”° 1-5578 (Found: C, 55-2; H, 48%). 

Crotyl 2,4-dichlorophenyl ether, b. p. 80—82°/0-1 mm., n° 1-5500 (Found: C, 54:9; H, 4-8. 
C,9H, OCI, requires C, 55-3; H, 4:6%), was prepared in 60% yield by refluxing for 3 hr. 
2,4-dichlorophenol (8-2 g.) and crotyl bromide (7 g.) in acetone (100 c.c.) containing potassium 
carbonate (7-1 g.) after the mixture had been stirred at room temp. for 12 hr. 

6-n-Butyl-2,4-dichlorophenol, b. p. 140°/16 mm., ,”° 1-5415, was obtained from Clemmen- 
sen reduction of 6-n-butyryl-2,4-dichlorophenol, m. p. 47—48° [2,4-dinitrophenylhydrazone, 
m. p. 226—227° (Found: N, 13-4; Cl, 17:2. C,gH,,0O;N,Cl, requires N, 13-5; Cl, 17-2%)]. 
Chien and Yin ® give b. p. 161—163°/11 mm. and m. p. 46—47° for these two compounds 
respectively. ’ 

(d) With p-cresol. Heating with n-butyl methanesulphonate at 135° for 28 hr. gave a 
product, b. p. 128°/19 mm., m,° 1-5215 (supercooled) (13 g.). The m. p. 38—40° was raised 
to 43—44° by admixture with a specimen of 4-methyl-2-s-butylphenol. 

2-n-Butyl-4-methylphenol, b. p. 143°/28 mm., »,”° 1-5181 [phenylurethane, m. p. 79—81° 
(Rosenwald et al. ® give b. p. 140°/19 mm., n,*° 1-5205, and phenylurethane, m. p. 83—84°)], 

4 Klarmann, Sliternov, and Gates, J]. Amer. Chem. Soc., 1933, 55, 2576. 


5 Chien and Yin, J. Chinese Chem. Soc., 1939, 7, 4015. 
® Rosenwald, Hoalson, and Chenicek, Ind. Eng. Chem., 1950, 42, 162. 
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from the Clemmensen reduction of 2-n-butyryl-p-cresol, had m. p. 32—34° [semicarbazone, 
m. p. 159—160° (von Auwers’” gives m. p. 33—34°; semicarbazone, m. p. 159—160°)]. 

(e) With 2,4-dimethylphenol. 28 Hours’ reaction at 140° gave butyl-2,4-dimethylphenol, 
b. p. 116°/14 mm., m,,”° 1-5200 (15-4 g.) (Found: C, 81-2; H, 10-3. Calc. for C,,H,,0: C, 80-9; 
H, 10-2%), which formed a phenylurethane, m. p. 111—112°, identical with that from 2: 4-di- 
methyl-6-s-butylphenol. The infrared spectrum showed that the product was substantially 
the latter phenol. 

2,4-Dimethyl-6-s-butylphenol was prepared for comparison by the reaction of butan-2-ol 
with 2,4-dimethylphenol in light petroleum with boron trifluoride; it had b. p. 125°/15 mm., 
n,*° 1-5190; phenylurethane, m. p. 111—113° (Rosenwald e¢ al.® give b. p. 91—92°/2 mm., 
n,* 1-5189; phenylurethane, m. p. 112—113°). 

6-n-Butyl-2,4-dimethylphenol, m. p. 27—29° [phenylurethane, m. p. 98—100°; a-naphthyl- 
urethane, m. p. 124—125° (Found: N, 3-7. C,,;H,,0,N requires N, 4-0%)], was prepared by 
Clemmensen reduction of 6-n-butyryl-2,4-dimethylphenol (Flynn and Robertson *) (Rosen- 
wald* gives for 6-n-butyl-2,4-dimethylphenol, b. p. 83°/2 mm.; phenylurethane, m. p. 
98—99°). 

(f) With 2,6-dimethylphenol. 48 Hours’ heating with n-butyl methanesulphonate at 140° 
gave a butyl-2,6-dimethylphenol, b. p. 132—138°/18 mm. (18-5 g.), which solidified and from 
which 2,6-dimethyl-4-s-butylphenol, m. p. and mixed m. p. 76—77°, was obtained by crystal- 
lisation (Found: C, 81-0; H, 9-9. C,,H,,O requires C, 80-9; H, 10-2%). This compound, 
m. p. 77—78°, was prepared, for comparison, from 2,6-dimethylphenol, butan-2-ol, and boron 
trifluoride (Found: C, 80-7; H, 10-1%). It was characterised by its phenylurethane, m. p. 
106—108° (Found: N, 4-7. C,,H,,;0,N requires N, 4-7%). 

4-n-Butyl-2,6-dimethylphenol, m. p. 30—32°, was prepared from the Clemmensen reduction 
of 4-n-butyryl-2,6-dimethylphenol, m. p. 124—126° ([2,4-dinitrophenylhydrazone, m. p. 
199—200° (Found: N, 14-8. C,,H.O;N, requires N, 15-0%)] (von Auwers and Jannsen ® 
give m. p. 32—33° for 6-n-butyryl-2,6-dimethylphenol). 

(g) With p-dimethoxybenzene. n-Butyl methanesulphonate (36 g.) was slowly (4 hr.) added 
to p-dimethoxybenzene at 200°. The mixture was stirred during the addition and for 4 hr. 
more. But-2-ene (9-5 g.) was collected in the cold trap [2,4-dinitrobenzenesulphenyl chloride 
adduct, m. p. 128—129-5° (Kharasch and Buess ! give m. p. 128°)]._ The reaction mixture, 
after the usual treatment to free it from sulphonic acid, was distilled to remove unchanged 
p-dimethoxybenzene, and the residue taken up in ether. It was washed with methyl-alcoholic 
potash (Claisen’s solution) to remove p-methoxyphenol (5 g.), m. p. and mixed m. p. 54—55° 
(Found: C, 67-3; H, 6-8; OMe, 24:0. Calc. for C;H,O,: C, 67-7; H, 6-5; OMe, 25%). 

The neutral product of the reaction had b. p. 80—85°/0-5 mm., m,,”° 1-5091 (6-7 g.) (Found: 
C, 74:2; H, 9-2; OMe, 30-8. C,,H,,0, requires C, 74-2; H, 9-3; OMe, 31-9%). Its infrared 
spectrum indicates that it is essentially 1,4-dimethoxy-2-s-butylbenzene. A pure sample, b. p. 
135°/19 mm., »,”° 15100 (Found: C, 74-0; H, 9-3; OMe, 32%), was prepared by bubbling 
boron trifluoride into butan-2-ol and p-dimethoxybenzene in light petroleum till two layers 
separated. After a further few hours at room temperature, the light petroleum solution was 
removed, washed, dried, and distilled. 2-n-Butyl-1,4-dimethoxybenzene, b. p. 136—138°/20 
mm., #,?° 15110 (Found: C, 74-5; H, 9-5; OMe, 31-6%), was prepared by the Clemmensen 
reduction of 2-n-butyryl-1,4-dimethoxybenzene, a mixture of acetic and hydrochloric acids 
being used. 

2-n-Butyryl-1,4-dimethoxybenzene, b. p. 136—138°/1 x 10% mm., m,” 1-5279, was 
obtained by adding p-dimethoxybenzene (9-7 g.) te a homogeneous mixture of aluminium 
chloride (21-3 g.) and n-butyric anhydride (11-1 g.) in carbon disulphide (150 c.c.) kept at —5°. 
When the addition was complete, the mixture was kept overnight, the solvent distilled off, and 
the product isolated in the usual way. 


QUEEN Mary CoLiece, Mire Enp Roap, E.1. [Received, December 8th, 1958.] 


7 von Auwers, Annalen, 1924, 439, 147. 

§ Flynn and Robertson, J., 1936, 215. 

® von Auwers and Jannsen, Annalen, 1930, 483, 44. 

10 Kharasch and Buess, J. Amer. Chem. Soc., 1949, 71, 2724. 
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503. Alkylation of the Aromatic Nucleus. Part IV.* 
Phenanthrene. 


By N. G. RULE and W. J. HICKINBOTTOM. 


Cyclohexyl benzenesulphonate decomposes thermally in phenanthrene 
to give a mixture of four isomeric cyclohexylphenanthrenes which have been 
identified, and their proportions estimated. 

s-Butyl benzenesulphonate similarly gives a mixture of isomeric s-butyl- 
phenanthrenes. 


ALKYLATION of an aromatic system by the thermal decomposition of an alkyl sulphonate 
is an electrophilic substitution involving a carbonium ion. A characteristic of this 
alkylation for toluene is that the proportion of meta-isomer is much greater than is obtained 
in other electrophilic substitutions.! It is obviously desirable that information should be 
obtained with other systems. Some results are already available for naphthalene, and 
we now record a study of the alkylation of phenanthrene designed to determine what 
isomers are formed and the relative amount of each. 

The most complete results have been obtained for thermal decomposition of cyclohexyl 
benzenesulphonate in fused phenanthrene. A mixture of isomeric cyclohexylphenan- 
threnes was obtained, and from it, 9-, 1-, and 2-cyclohexylphenanthrenes were isolated 
pure and identified by comparison with authentic specimens. A fourth isomer was also 
isolated, purified through its picrate, and characterised by its quinone. There is strong 
presumptive evidence that it is 3-cyclohexylphenanthrene. This is provided by comparison 
with the product of the thermal decomposition of s-butyl benzenesulphonate in phenan- 
threne. 9-, 3-, and 2-s-Butylphenanthrenes have been recognised as components of the 
mixture, and the ratio of 3- to 2-isomer is of the same order as in the cyclohexyl series. 
Further, when the product of each alkylation is oxidised by chromic acid, the 3-substituted 
phenanthraquinone is the most readily isolated. A less forceful argument is that substitu- 
tion in the 4-position is not likely to be extensive for steric reasons; indeed, the only 
reliable report of substitution in the 4-position is in nitration, and then the 4-nitro-com- 
pound is present only to the extent of 6% of the mononitration product. 

Estimation of the relative amounts of isomeric cyclohexylphenanthrenes in the 
alkylation product was made by comparison of the infrared spectra of the mixture and of 
each of the pure isomers. The composition of the alkylation product is given in the Table. 
For comparison the composition of the mononitration product of phenanthrene is also given. 


Percentage of isomer: 


Substituent 1- 2- 3- 4- 9- 
i) 15 17-5 27-5 -- 35 
BHM. vccsssnssrcocsseansenene 26 7 22 6 36 


A significant feature of these results is that the differences between the proportion of 
the isomers formed in alkylation are not as great as might be expected from an electrophilic 
substitution nor are they in the order predicted.2, When toluene is alkylated by the 
thermal decomposition of the alkyl sulphonates, there is also much less difference between 
the proportions of the three possible isomers than would be expected; the product contains 
a relatively high proportion of the meta-isomer. This has also been observed when toluene 
is alkylated by alkyl halides under the influence of gallium bromide and similar promoters 
in conditions which do not bring about isomerisation.? It is suggested by Brown and 
Nelson 2 that this random orientation in alkylation may be due to the high reactivity of 


* Part III, preceding paper. 

1 (a) Hickinbottom and Rogers, J., 1957, 4124; (b) Brown and Nelson, J. Amer. Chem. Soc., 1953, 
75, 6292. 

2 (a) Dewar and Warford, J., 1956, 3570; (b) Dewar and Bavin, ibid., p. 167. 
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the attacking species; its consequent low selectivity does not permit any great differen- 
tiation between attack at the meta- and para-positions. If this hypothesis is applied to 
phenanthrene, it follows that the distribution of the isomers expected on a theoretical 
basis will be modified in the direction of reducing the differences in the proportions of 
isomers formed. These conclusions are borne out by our work and are strongly supported 
by observations on naphthalene which show that a mixture of 60% of a- and 40% of 
2-cyclohexylnaphthalene is formed by the thermal decomposition of cyclohexyl benzene- 
sulphonate in naphthalene; with s-butyl the mixture contains 88% of 1- and 12% of 
2-butylnaphthalene. Benzyl benzenesulphonate gives mainly the l-isomer. It is clear 
that the nature of the substituting alkyl group has a marked influence on the proportion 
of 1- and 2-isomers in the alkylation of naphthalene. The most satisfactory explanation 
so far is Brown and Nelson’s. 


EXPERIMENTAL 


Preparation of  1-Cyclohexylphenanthrene—A_ solution of 1,2,3,4-tetrahydro-l-oxo- 
phenanthrene (2-5 g.) (Haworth %) in benzene (15 c.c.) was added to an ice-cold solution of 
cyclohexyl-lithium (from cyclohexyl bromide, 8-1 g.) in light petroleum. The mixture was 
heated under reflux for 4 hr., then kept at room temperature for 12 hr. before being added to 
aqueous sulphuric acid. The product, taken up in ether was distilled up to 53°/0-5 mm. to 
remove solvent and the more volatile products. The residue was purified by three crystal- 
lisations from alcohol and consisted of 1-cyclohexyl-3,4-dihydrophenanthrene, m. p. 100— 
102° (yield 0-13 g.). By heating this with selenium (0-05 g.) at 320° for 9 hr., 1-cyclohexyl- 
phenanthrene was obtained, as white needles, m. p. 121-5—123°, from alcohol (Found: C, 91-9; 
H, 8-0. CypHg9 requires C, 92-3; H 7-7%). The picrate, m. p. 142—143°, formed yellow 
crystals. 

Preparation of 9-Cyclohexylphenanthrene.—To a Grignard reagent from 9-bromophenanthrene 
(87 g.) in ether—benzene solution, was added cyclohexanone (24-5 g.) in dry ether. The product, 
after removal of magnesium salts, was refluxed with an excess of acetic anhydride for 10 hr., 
and the anhydride and acetic acid were then distilled off. 9-Cyclohexenylphenanthrene 
crystallised. It was purified by crystallisation from benzene-ethyl alcohol, and had m. p. 
126-5—128° (yield 42 g.) (Found: C, 92-8; H, 7:3. Calc. for C.9H,,: C, 93-0; H, 7-0%) 
(Bergmann and Bergmann ‘ give m. p. 132°). It was hydrogenated in ethyl acetate (Raney 
nickel, 3 atm.) to 9-cyclohexylphenanthrene, small sparkling tablets, m. p. 112—113° from 
alcohol (Found: C, 92-1; H, 7-5. CgoHe9 requires C, 92-3; H, 7-7%); the picrate formed 
orange needles, m. p. 152—153°, from alcohol. 

Attempts to prepare 3-cyclohexylphenanthrene from 3-bromophenanthrene by using the 
corresponding Grignard or lithium compound were unsuccessful. Similarly, the preparation 
of 4-cyclohexylphenanthrene from 1,2,3,4-tetrahydro-4-oxophenanthrene was unsuccessful. 

Preparation of 2-s-Butylphenanthrene.—2-Acetylphenanthrene (Mosettig 5) (9-5 g.) in benzene 
(175 c.c.) was added to ethylmagnesium bromide (from magnesium, 2-2 g.). The mixture was 
kept overnight, refluxed for 2 hr., then poured into an excess of dilute hydrochloric acid. When 
the solvent was removed from the washed and dried organic layer, there remained a brown 
solid (8-1 g.) from which 2-s-butenylphenanthrene was obtained as light brown plates, m. p. 
116—117° (from alcohol) (Found: C, 93-4; H, 6-6. C,,H,, requires C, 93-1; H, 6-9%). It 
was characterised as the picrate, buff-yellow needles,,m. p. 94—96°, from alcohol. Hydro- 
genation of 2-s-butenylphenanthrene in alcohol (Pd-C, 3 atm.) gave 2-s-butylphenanthrene, 
white needles, m. p. 44-5—45-5° (Found: C, 92-2; H, 7-7. C,gH,, requires C, 92-3; H, 7-7%). 
It gave a yellow picrate, m. p. 116—117°, from alcohol. 

Preparation of 3-s-Butylphenanthrene.—3-s-Butenylphenanthrene was similarly prepared 
from 3-acetylphenanthrene (Mosettig'). It is a viscous liquid, b. p. 172—181°/0-9 mm., 
Mp™* 1-6848—1-6880 (Found: C, 92-7; H, 6-9%), characterised by its orange picrate, m. p. 
95—96°. 3-s-Butylphenanthrene, from hydrogenation of the olefin, is a viscous liquid, b. p. 
166—169°/1-5 mm., 7,,* 1-6418 (Found: C, 92-4; H, 7-7%); picrate, m. p. 126—130°. 

* Haworth, J., 1932, 1129. 


* Bergmann and Bergmann, J]. Amer. Chem. Soc., 1937, 59, 1443. 
5 Mosettig and van de Kamp, ibid., 1930, 52, 3704. 
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Oxidation of 3-s-butylphenanthrene in acetic acid by chromic acid gave the quinone, pale 
orange-coloured needles, m. p. 151—152-5° (Found: C, 82-2; H, 6-3. C,sH,,O, requires 
C, 81:8; H, 6-1%). 

Reaction of Phenanthrene with Cyclohexyl Benzenesulphonate.—A mixture of phenanthrene 
(200 g.) and the sulphonate (100 g.) was stirred and kept at 115° for 5 hr., an exothermic reaction 
temporarily raising the temperature to 145°. The product was worked up to give a mixture 
of cyclohexylphenanthrenes (A), b. p. 192—216°/0-7 mm. (yield 52 g.), and a higher-boiling 
fraction (13-7 g.), b. p. 216—260°/0-7 mm., a yellow glass from which no solid was isolated. 
There remained, undistilled, a dark brown glass (11-6 g.) not further examined. 

9-Cyclohexylphenanthrene could be isolated from fraction A by crystallisation from alcohol. 
Oxidation of the reaction mixture by chromic acid in acetic acid solution gave 3-cyclohexyl- 
phenanthraquinone (see below). A more satisfactory separation was achieved by the slow 
evaporation of a solution of fraction A in light petroleum (b. p. <40°). Eight successive 
crops (nos. 1—8) of crystals were collected of approximately equal bulk. There remained a 
residue (B). 

(a) 9-Cyclohexylphenanthrene. Repeated crystallisation (alcohol or other common solvent) 
of the first crop gave 9-cyclohexylphenanthrene, m. p. 113—113-5° (Found: C, 92-2; H, 7-7. 
Calc. for CyogHg9: C, 92-3; H, 7-7%); picrate, orange needles, m. p. 150—151°. These m. p.s 
were unchanged by admixture with authentic specimens. The identity of this hydrocarbon 
was confirmed by oxidising it by chromic acid in acetic acid to phenanthraquinone. 

(b) 1-Cyclohexylphenanthrene. The mother-liquors from the first crystallisations of crop 1 
were evaporated to dryness and the solid residue was crystallised from alcohol; 1-cyclohexyl- 
phenanthrene was obtained, m. p. and mixed m. p. 121-5—122-5° (Found: C, 92-2; H, 8-0%); 
picrate, m. p. and mixed m. p. 142—144°. 

(c) 2-Cyclohexylphenanthrene. Crystallisation of crops 4 and 5 gave 2-cyclohexylphenan- 
threne, m. p. 113—113-5° (Found: C, 91-8; H, 8-0%); picrate, yellow needles, m. p. 147— 
148-5°. This was heated with selenium at 330° for 3 days, whereby 2-phenylphenanthrene, 
m. p. 198-5—200°, was obtained (Found: C, 94:1; H, 5-5. Calc. for CygH,,: C, 94:5; H, 55%); 
the 1:3: 5-trinitrobenzene adduct formed yellow needles, m. p. 157—158°, from benzene. 
Oxidation by chromic acid in acetic acid gave a quinone as small red needles, m. p. 222—-223° 
(with previous softening) (from chloroform-alcohol) (Found: C, 84:3; H, 5-4. Calc. for 
Cy9H,,0,: C, 84:5; H, 4:3%) [Newman ® gives 2-phenylphenanthrene, m. p. 196-6—197-2°; 
1 : 3: 5-trinitrobenzene adduct, yellow needles, m. p. 156-4—157-4°; quinone, deep red needles, 
m. p. 220—221° (decomp.)]. 

(d) 3-Cyclohexylphenanthrene. The residue (B) (above) was freed from solvent, and con- 
verted, in alcoholic solution, into picrate. By repeated crystallisation and separation, a pale 
orange-coloured picrate, m. p. 154—156° was obtained; the m. p. was depressed by admixture 
with the picrates of the other cyclohexylphenanthrenes which had been isolated. A benzene 
solution of the picrate, passed through activated alumina, gave 3-cyclohexylphenanthrene as a 
viscous oil. It was characterised by oxidation by chromic acid in acetic acid to 3-cyclohexyl- 
phenanthraquinone, m. p. 218—219° (Found: C, 82-5; H, 6-5. Cg pH,,O, requires C, 82-7; 
H, 6-3%); this was identical with the quinone isolated from the oxidation of the mixture of 
cyclohexylphenanthraquinones from the alkylation. 

Reaction of Phenanthrene with s-Butyl Benzenesulphonate.—The benzenesulphonate (75 g.) 
and phenanthrene (200 g.) were fused and stirred at 130°. After } hr., the mixture darkened 
and there was a vigorous evolution of but-2-ene. The reaction was completed by keeping it at 
130° for 2 hr.; the mixture was then cooled, taken up in ether—benzene (1-5 1.), washed with 
aqueous alkali, dried, and distilled to remove solvent and the excess of phenanthrene. The 
remainder boiled mainly between 170° and 176°/1-2 mm., ,”° 1-6488 (19-4 g.), and consisted of 
s-butylphenanthrenes. A further distillation concentrated the product into the range 160— 
162°/0-8 mm., ,”° 1-6480 (Found: C, 92-3; H, 7-7. Calc. for CygH,,: C, 92-3; H, 7-7%). 

No crystalline picrate was obtained from this mixture. Oxidation by chromic acid in 
acetic acid gave a mixture of quinones, from which by draining on filter aids and crystallisation 
from alcohol, from acetic acid, and again from alcohol, 3-s-butylphenanthraquinone was 
obtained as orange needles, m. p. 151-5—153° not depressed by admixture with an authentic 
sample (Found: C, 81-3; H, 6-1. Calc. for C,gH,,O,: C, 81:8; H, 61%). 

The first alcoholic mother-liquors from the crystallisation of this quinone were evaporated 

® Newman, J. Org. Chem., 1944, 9, 518. 
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to dryness and triturated with ether. Crystallisation of the residue from alcohol gave phenan- 
thraquinone, m. p. 208—210° not depressed on admixture with an authentic sample. 

It was estimated spectroscopically that not more than 12% of the 3-isomer is present in 
the mixture and not more than 6% of the 2-isomer. The presence of 9-s-butylphenanthrene 
is inferred from oxidation by chromic acid in acetic acid to phenanthraquinone. 


QUEEN Mary COLLEGE, Lonpon, E.1. [Received, December 8th, 1958.]} 


504. Alkylation of the Aromatic Nucleus. Part V.* The Course of 
the Alkylation by Thermal Decomposition of Alkyl Sulphonates. 
By M. S. Grant and W. J. HIcKINBoTToM. 


Optically active s-butyl and s-octyl esters of methanesulphonic acid, 
when heated with mesitylene, give s-butyl- and s-octyl-mesitylenes having 
no optical activity. The significance of these results is discussed in relation 
to the observation that a mixture of n-butyl- and s-butyl-mesitylenes is 
formed when the n-butyl ester of methanesulphonic acid decomposes in 
mesitylene. 

It is concluded that the alkylation can occur without the intermediate 
formation of an olefin and that it has the characteristics of an electrophilic 
substitution involving a carbonium ion. 

In the alkylation of mesitylene, using n-butyl methanesulphonate, isodurene 
and mesityl methyl sulphone are formed as well as the expected butyl- 
mesitylenes. It is established that these arise from the action of methane- 
sulphonic acid on mesitylene at its boiling point. 


F6.pI1 ! observed that the thermal decomposition of benzyl benzenesulphonate in aromatic 
hydrocarbons resulted in liberation of benzenesulphonic acid and introduction of the 
benzyl group into the solvent’s nucleus. This reaction has since been extended to many 
alkyl and cycloalkyl sulphonates and has been applied to alkylation of some benzenoid and 
polycyclic hydrocarbons, phenols, and ethers.2—> It is a useful new method of introducing 
alkyl groups into aromatic systems. 

Féldi suggested that the reaction, in so far as benzylation was concerned, could be 
explained by assuming a decomposition into free sulphonic acid and a benzylidene radical, 
but it is now certain that the alkylation is more complex. Kinetic measurements by 
Ogata et al. and by Nenitzescu et al. of the decomposition of benzyl esters permit of no 
other interpretation than that the reaction is catalysed by protons; the acid necessary for 
this comes from the thermal decomposition of the sulphonic ester. These conclusions are 
borne out by our qualitative observations. 

From the established regularities of substitution in alkylbenzenes and phenols, it is 
concluded that the alkylation has the general characteristics of an electrophilic 
substitution.2 A substituting agent to fit this requirement can be derived from a sulphonic 
ester by (a) thermal fission to sulphonic acid and olefin with subsequent reaction of the 
olefin and the aromatic nucleus under the influence of the free sulphonic acid, (6) proton- 
catalysed fission of the sulphonic ester to give a carbonium ion and free sulphonic acid 

- 


JH 
on,” | —> Alkt + HO-SO,R 
SR 
2 


or (c) bimolecular displacement between the ester and the aromatic system. 

* Part IV, preceding paper. 

1 Féldi, Chem. Ber., 1928, 61, 1609. 

2 (a) Hickinbottom and Rogers, J., 1957, 4124; (6) Part II; (c) Part III; (d) Part IV; (e) Hickin- 
bottom and Rogers, /J., 1957, 4131. 

3 Ogata, Yonetani, and Oda, Bull. Inst. Phys. Chem. Res. Tokyo, 1943, 22, 583. 

4 Nenitzescu, Auram, and Sliam, Bull. Soc. chim. France, 1955, 1266. 

5 Nenitzescu, Joan, and Teodorescu, Chem. Ber., 1957, 90, 585. 
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It is known that alkyl sulphonates decompose thermally to olefin and free sulphonic 
acid *6 and that the process is reversible.5 This is undoubtedly the initial phase of the 
alkylation in the absence of free acid: it accounts for the induction period in these alkyl- 
ations and provides the free sulphonic acid for the subsequent phases of the reaction. 
Unless the olefin is removed by virtue of its volatility, it can react with the nucleus under 
the influence of the free sulphonic acid. This simple explanation is insufficient to cover 
the observed facts: it cannot account for the benzylation of aromatic systems by benzyl 
esters, and this benzylation has all the characteristics of alkylation by use of alkyl and 
cycloalkyl sulphonates. 

Furthermore, the introduction of a n-butyl group into mesitylene, by using n-butyl 
methanesulphonate, is impossible if alkylation were wholly dependent on the formation of 
olefin. Yet the product of this reaction contains a high proportion of n-butylmesitylene. 
Also, Nenitzescu 5 found that reaction between n-propyl benzenesulphonate and benzene 
yields isopropylbenzene almost entirely. It was necessary to use 2 mol. of benzene- 
sulphonic acid to initiate alkylation by 0-5 mol. of the n-propyl ester: consequently it is 
not possible to compare Nenitzescu’s results with those now recorded. 

Since the alkylation is not entirely dependent on formation of olefin the alternative 
courses are bimolecular displacement or proton-catalysed fission to a carbonium ion which 
can then attack the nucleus in the presence of some ionic group, such as sulphonate, as 
proton acceptor. Decision was sought by using sulphonic esters of optically active 
alcohols; with bimolecular displacement, the optical activity of the alkyl groups should 
be retained; the optical activity would be largely lost if a carbonium ion were the active 
substituting agent. It is necessary to allow for any. of the alkyl group converted into 
olefin. For this reason the observations on the optically active s-butyl ester are the 
more reliable since the olefin then formed is largely volatilised away. Mesitylene was 
used as aromatic hydrocarbon on account of its relatively high reactivity towards alkyl- 
ation. The s-butylmesitylene formed was almost completely inactive. A similar result 
was obtained by using optically active l-methylheptyl methanesulphonate. It was also 
established that the loss of activity is not due to racemisation of the ester, but that it is 
coincident with its decomposition into olefin and sulphonic acid. 

Nenitzescu et al.5 have recorded almost complete loss of optical activity in the alkyl- 
ation of benzene by optically active s-butyl benzenesulphonate. However, Nenitzescu 
added a considerable amount of free sulphonic acid to initiate the reaction, and this makes 
the deductions from his observations less certain. 

On the basis of these observations and those of Nenitzescu it is possible to 
present a picture of the course of thermal alkylation. The initial phase in the 
absence of added acid is thermal decomposition to olefin and free sulphonic acid, followed 
by proton-catalysed decomposition of the ester to sulphonic acid and carbonium ion. 


R’CH,*CHR‘O*SO,R” —— R'CHICHR” + R'SO4OH . . 2... Gi) 
AlkO*SO,R —oetott Id * RSO,°O 
ii | aa diiaial s 
H + ; 
: ‘SO,"O- kt 4 RSO,OH+RSO,O0-. . . . 
[ anceso,r| ®SOr° —»> Alkt + RSO,°OH + R:SO,-0 (ii) 
Alkt + PhH ++ RSO,O- ——s AlkPh + RSO,OH . . . . . - iii) 


At stage (ii) the carbonium ion Alk* may, by loss of a proton to R:SO,~, give more olefin 
or polymerise if stage (iii) is slow because of deactivation of the aromatic nucleus. 


EXPERIMENTAL 
Preparation of s-Butylmesitylene.—Boron trifluoride was passed into a mixture of mesitylene 
(25 g.) and butan-2-ol (15 g.) for about 1 hr. Two layers formed: after about another $ hr. 
the upper one was removed, washed, dried, and fractionated. The product (10 g.) had b. p. 
117°/19 mm., ”,,*° 1-5065 (Found: C, 88-6; H, 11-3. C,H. requires C, 88-5; H, 11-5%). 
6 Drahowzal and Klamann, Monatsh., 1951, 82, 467. 
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Preparation of n-Butylmesitylene.—Hydrogenation of n-butenylmesitylene (10 g.) in alcohol 
(Pd-C, 3 atm.) gave n-butylmesitylene (8 g.), b. p. 116—118°/25 mm., »,° 1-5029 (Found: C, 
88-4; H, 117%). 

n-Butenylmesitylene, b. p. 120—125°/19 mm., ,”° 1-5191 (Found: C, 89-5; H, 10-6. Calc. 
for C,,;H,,: C, 89:5; H, 805%), was obtained by dehydrogenation of 1-mesitylbutanol, m. p. 
44°, by toluene-p-sulphonic acid. 

The mesitylene used throughout was either ‘‘ synthetic mesitylene ’’ (Kodak) or a good 
commercial grade purified through its sulphonic acid. 

Preparation of Mesityl Methyl Sulphone.—A mixture of mesitylenesulphinic acid (2 g.) and 
methyl] iodide (1-5 g.) in alcohol (20 c.c.) containing sodium carbonate (1-5 g.) was refluxed for 
2 hr. Evaporation of the filtered solution and crystallisation of the residue after washing it 
with water, gave mesityl methyl sulphone, m. p. 129—131° (from alcohol) (Found: C, 60-4; 
H, 7:1; S, 16-0. C,9H,,0,S requires C, 60-5; H, 7-1; S, 16-2%). 

Reaction of n-Butyl Methanesulphonate with Mesitylene.—(i) Mesitylene (95-5 g.) and n-butyl 
methanesulphonate (30 g.) were stirred and heated at 171° for 24 hr. But-2-ene (5-6 g.) was 
collected in cold traps. The reaction mixture was washed with aqueous alkali, dried, and 
distilled, yielding a fraction (A), b. p. 70—90°/10 mm., »,?° 1-5070, and mesityl methyl sulphone 
(1:5 g.). 

Redistillation of fraction (A) gave isodurene, b. p. 79°/15 mm., ,”° 1-5085 (Found: C, 89-4; 
H, 10-4. Calc. for C,g)H,,: C, 89-5; H, 10-5%), identified by its infrared spectrum; the higher- 
boiling material was concentrated into a fraction, b. p. 95—96°/15 mm., ”,° 1-5005, estimated 
by infrared spectroscopy to contain isodurene (50%), n-butylmesitylene (20%), and s-butyl- 
mesitylene (20%) (Found: C, 88-9; H, 11-4. Calc. for C,;Ho»: C, 88-5; H, 11-5%). 

(ii) Reaction between mesitylene (120 g.) and n-butyl methanesulphonate (38 g.) at 160° 
for 63 hr. gave but-2-ene (5-3 g.), mesityl methyl sulphone, and butylmesitylenes (6 g.). Further 
distillation of the last fraction gave one of b. p. 128—132°/32 mm., m,,?° 1-5022, consisting of 
n-butyl- (70%) and s-butyl-mesitylene (20%), and isodurene (5%). 

(iii) The same amounts being used but at 168° for 24 hr., gave but-2-ene (6-3 g.), mesityl 
methyl sulphone, and a mixture, b. p. 128°/24 mm., ,”° 1-5055, of n-butyl- (40%) and s-butyl- 
mesitylene (45%) and isodurene. 

Reaction of (+)-s-Butyl Methanesulphonate with Mesitylene.—(-+)-s-Butyl methanesulphonate 
was prepared from (+-)-butan-2-ol ({a],7* +17-3°; ¢ 3-2 in pyridine) as already described for the 
n-butyl ester. Purified by distillation it had b. p. 56—58°/10™ mm., »,*° 1-4290, [aJ,,1® +19-1° 
(c 4-4 in mesitylene). 

The optically active ester (6-3 g.) and mesitylene (24 g.) when heated at 120° for 6 hr. gave 
s-butylmesitylene, b. p. 107—110°/13 mm., m,,”° 15072. It was optically inactive in mesitylene 
(c 4, 2 1). 

Reaction of (—)-1-Methylheptyl Methanesulphonate with Mesitylene.—The optically active 
ester, b. p. 86—90°/5 x 10° mm., »,*" 1-4360, {a],,2 —11-5°, was prepared from (—)-octan-2-ol, 
{aJ,,"* —11-6°. When it (7 g.) was heated with mesitylene (20 g.) for 9 hr. at 120° 2-1’-methyl- 
heptylmesitylene was formed, b. p. 143°/14 mm., ,*° 1-4995 (Found: C, 87-7; H, 11-9. C,H» 
requires C, 87-9; H, 12-1%). It was optically inactive. 

Racemisation of (—)-1-Methylheptyl Methanesulphonate.—Aliquot parts of a solution of 
(—)-1-methylheptyl methanesulphonate in sodium-dried toluene (9-08 g. in 100 c.c.) were kept 
in sealed ampoules in a thermostat at 100°. The ampoules were withdrawn at intervals and the 
specific rotation of the solution measured. The amount of free acid was also determined by 
titration after addition of an excess of alkali. There was no appreciable fall in rotation during 
the first 2 hr.: after 5 hr. the rotation had fallen from [aJ%,, —11° to —9-3°, with about 2-5% 
decomposition of the ester. After 6 hr. the solution was too dark for polarimetric readings and. 
thereafter decomposition of the ester was rapid; 73-5% had decomposed after 7 hr.: 84%, 
after 8 hr. 

Reaction of Methanesulphonic Acid with Mesitylene.—Methanesulphonic acid (5-3 g.) and 
mesitylene (25 g.) were refluxed for 48 hr. The solution became dark brown but sulphur 
dioxide was not evolved. 

The product was cooled, diluted with an equal volume of ether, and washed with sodium 
hydrogen carbonate solution. Distillation of the washed and dried solution through a spinning- 
band column, after removal of ether, gave the following fractions: (a) b. p. 149—162°/760 mm... 
n,*® 1-4950 (1 g.), consisting of mesitylene -with some m-xylene—as shown by its infrared 
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spectrum; (b) b. p. 162—164°, m,,* 1-4992 (19 g.), mesitylene; (c) b. p. 59—64°/8 mm., n,”° 
1-5124 (5 g.), which is almost entirely isodurene (infrared spectrum); (d) a residue which 
solidified and was crystallised from aqueous alcohol; it was mesityl methyl sulphone, m. p. and 
mixed m. p. 128—129°. 

It was established that mesityl methyl sulphone is unchanged in boiling mesitylene during 
6 days. 


We thank Mr. W. Kynaston for discussions. 


QUEEN Mary COLLEGE, 
Mire Env Roap, E.1. [Received, January 29th, 1959.) 





505. Mechanism of Electrophilic Substitution at a Saturated Carbon 
Atom. Part I.* Scope and Plan. Optical Activity from a Single 
Asymmetric Carbon Atom bearing a Metal. 

By H. B. Carman, E. D. HuGHEs, and Sir CHRISTOPHER INGOLD. 

The main habitat of this family of substitutions is in the field of organo- 
metal chemistry. The conditions inherent in the problem of mechanism are 
analysed sufficiently to explain the point and plan of attack. The attack is 
prepared by a necessary auxiliary research to secure, in a simple and typical 
alkyl compound, stable optical activity due to a single, asymmetric, metal- 
bearing carbon atom, in the absence of any other asymmetry. This object 
has been realised by the optical resolution of s-butylmercuric salts. The 
result determines that the first few studies of ‘substitution mechanism will 
relate to mercury exchange in the s-butyl series. A classification is there- 
fore presented of mercury exchanges by electrophilic substitution. 


(1) Object of the Sertes.—Our concern will be to elucidate the mechanisms generally and 
normally available for the reactions of electrophilic substitution at saturated carbon. In 
such substitutions, the in-coming and out-going substituents must be groups which enter 
into or separate from neutral combination as cations. The available cations comprise 
hydrogen, and the metals generally, besides a few special non-metallic groups. To study 
typical aliphatic electrophilic substitution in its main central area, one has to enter the 
field of organometal chemistry. The metal substituent plays the same part in aliphatic 
electrophilic substitution as does the halogen substituent or the toluenesulphonate or 
other oxyester group in aliphatic nucleophilic substitution; the reactions of metal exchange 
among the metal alkyls correspond to those of halide exchange or similar anion-replacements 
of alkyl halides or esters; metal acidolysis similarly corresponds to halide or sulphonate 
hydrolysis or alcoholysis. We shall deal first with metal exchanges: we hope later to 
report on metal acidolysis. 

(2) Preconceptions as to Mechanism.—In order to design such an investigation, it is 
essential to preconceive possible mechanisms of aliphatic electrophilic substitution, and 
their observable consequences. Our present preconceptions, which may be inadequate, 
are derived from analogy with aliphatic nucleophilic substitution. We thus expect three 
mechanisms of substitution, which should be distinguishable, at least partly, by their 
kinetics and stereochemistry, as follows. 

First, with a readily ionisable metal bond in a suitably ionising,medium, unimolecular 
electrophilic substitution (Sl), a two-step mechanism, which can be formulated 


R-M, ——> R- + M,*; R- + Myst ——> R-M, on eo s we Te 
slow fast 


may be expected. It should exhibit a kinetic form reducible to first-order kinetics in the 
limit in which the first step is sufficiently little reversed. If RM, is optically active by 


* For a preliminary account, see Chem. and Ind., 1958, 1517. This and the following paper were 
summarised (by H. B. C.) before the Division of Organic Chemistry at the Amer. Chem. Soc. Meeting 
at Boston in April 1959. 
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virtue of asymmetry at the metal-bearing carbon atom, at least some racemisation should 
accompany substitution; whilst, as to rate, racemisation might either run ahead of, or lag 
behind substitution, in that limit which excludes both appreciable reversal of the first 
step and appreciable directive shielding by its products of the second, the two rates could 
coincide. 

Secondly, with a less readily ionising metal bond, bimolecular electrophilic substitution 
(Sz2), whose one-step mechanism can be represented by 


Mt ++ R-M,; —m MSR+Mt 2. ww eee Se 


becomes possible. It should exhibit second-order kinetics if both reactants are in dilute 
solution. Unlike bimolecular nucleophilic substitution, which always inverts configur- 
ation, bimolecular electrophilic substitution might occur in two different stereochemical 
forms, according to the degree of ionicity developed during substitution. Bimolecular 
nucleophilic substitution is considered to have uniform stereochemistry because, in the 
transition state, four electrons compete for the same central orbital, and are best ac- 
commodated at that time, two on each side of the central atom. In bimolecular electro- 
philic substitution, on the other hand, only the two electrons of the original carbon—metal 
bond occupy the central orbital in the transition state, so more choice is available in their 
distribution. How they can best be distributed appears to depend on the degree of bond 
extension, and the correlated degree of bond ionicity, developed in the transition state. 
If so much bond extension, and such high ionicity, arise that the carbon orbital spreads 
comparably on both sides of the atom, substitution will take place with inversion, through 
a transition state such as S,2(Inv.). If so little bond extension and ionicity arise in the 
transition state that the electrons of the original metal bond remain nearly where they 
were, then substitution will occur with retention of configuration, through a transition 
state such as S,2(Ret). 





Sg2 (Inv.) Sg2 (Ret.) 


Thirdly, with a not-too-readily ionising bond in the substrate, and also a not-too- 
ionically-dissociable substituting agent, the internal mechanism of electrophilic substitu- 
tion (S_7) might arise: 


M 
RM, + M,X RY) Cx RM, + M,X Sie. tee a 
a 


This mechanism requires second-order kinetics if both reactants are in adequately dilute 
solution. As with the known internal mechanism of nucleophilic substitution (Syt), so 
with this analogue (Sx), it is not important to discuss how far the transition state is 
constituted covalently or by ion-pairs: what matters is that, however much or little 
electrostatic its bonds may be, they make it cyclic so that substitution by the internal 
mechanism retains configuration. 
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It is obviously possible that these mechanisms, graded as they are in the order in which 
they are discussed above, with respect to their requirements of ionisation, may shade into 
one another. 

(3) Optical Activity in Organometallic Compounds.—With this approach to the problem 
of mechanism, the possibility of determining stereochemical course by observation of 
optical activity was too important to be foregone. However, among organometallic 
compounds optical activity is rare, and for most metals has never been claimed. 

Claims have been made, which have been denied, for optical activity centred on carbon 
bearing an alkali-metal atom }*% and on carbon bearing magnesium.*5 Further studies 
have shown that optical activity at lithium-bearing carbon is quite unstable, disappearing 
too quickly to be detected in ordinary conditions,*-* although not necessarily too quickly 
at —70°.?. It isan agreed conclusion that optical activity at magnesium-bearing carbon in 
Grignard reagents disappears too quickly to permit detection in any investigated 
conditions.>§ 

It is consistent with this record of optical instability in carbon bearing lithium or 
magnesium, that both s-butyl-lithium and s-butylmagnesium chloride exist, as Wright 
showed by carbonating them,’ in optically active forms in solutions in, or containing, 
(+-)-2,3-dimethoxybutane. The interpretation is that the optically active ether co- 
ordinates with either metal, to form a complex solute molecule which contains asymmetric 
carbon atoms in permanently optically active form: the asymmetry confers a bias, by 
asymmetric induction, on the labile asymmetry at the metal-bearing centre. This asym- 
metric influence persists as long as the ether remains, but optical activity disappears as soon 
as it is removed. However, by conducting reactions of the metal alkyls in the presence of 
the ether, asymmetric syntheses have been effected.!° 

Optical activity dependent on a mercury substituent at asymmetric carbon is stable 
in several cases in which other sites of stable optical activity are simultaneously present 
in the molecule. Thus Marvel, and also Wright, using a mercuric salt in methyl alcohol as 
reagent, added the groups HgX and OMe one at each end of an ethylenic double bond, thus 
creating two new asymmetric carbon atoms; then, having provided further centres of 
asymmetry in optically active form, as in bornyl, menthyl, and lactate groups, separated 
diastereoisomers. Marvel and his co-workers used mercuric acetate in reaction with 
menthyl and bornyl cinnamates," and Wright and his co-workers used mercuric lactate 
in reaction with cyclohexene.” Nesmeyanov, Reutov, and Poddubnaya showed that the 
direct mercuration, by metallic mercury, of a secondary alkyl halide, which was optically 
active by virtue only of the asymmetry of its secondary-halide group, led to complete 
loss of optical activity in the derived halogenomercuric compound.'* However, when 
they provided a mercury-bearing asymmetric centre by similar mercuration of a 
secondary halide, which was optically active owing to independent centres of asymmetry, 


Schlenk and Bergmann, Annalen, 1928, 468, 98; Wright, J. Amer. Chem. Soc., 1939, 61, 2106. 
Wallis and Adams, J. Amer. Chem. Soc., 1933, 55, 3838. 
Wittig, Vidal, and Bohnert, Ber., 1950, 88, 359. 
Mousseron and Jacquier, Bull. Soc. chim. France, 1951, C 80. 
Goering and McCarron, J]. Amer. Chem. Soc., 1958, 80, 2287. 
Tarbell and Weiss, J. Amer. Chem. Soc., 1939, 61, 1203; Ziegler and Wenz, Ber., 1950, 88, 354. 
Letsinger, J. Amer. Chem. Soc., 1950, 72, 4842. 
Pickard and Kenyon, J., 1911, 99, 45; Schwartz and Johnson, J. Amer. Chem. Soc., 1931, 58, 
1063; Porter, ibid., 1935, 57, 1436; Marker, Oakwood, and Crookes, ibid., 1936, 58, 481; Roberts and 
Shoppee, J., 1954, 3418. 

* Cohen and Wright, J. Org. Chem., 1953, 18, 432; Brook, Cohen, and Wright, ibid., p. 447. 

10 Bharucha, Cohen, and Wright, J. Org. Chem., 1954, 19, 1097; Alentoff and Wright, ibid., 1957, 
22,1; Canad. J. Chem., 1957, 35, 900. 

11 Sandborn and Marvel, J. Amer. Chem. Soc., 1926, 48, 1409; Griffin and Marvel, ibid., 1931, 58, 
789. 

12 Romeyn and Wright, J. Amer. Chem. Soc., 1947, 69, 697; cf. Brook and Wright, Acta Cryst., 
1951, 4, 50; Wright. Ann. New York Acad. Sci., 1957, 65, 436. 

13 Nesmeyanov, Reutov, and Poddubnaya, Izvest. Akad. Nauk, S.S.S.R., Otdel. khim. Nauk, 1953, 
649. 
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they could separate diastereoisomers. The compounds thus mercurated and separated 
were (—)-menthyl «-bromophenylacetate * and (+)-a-bromocamphor.'* In_ all these 
cases a permanent asymmetric influence affects the mercury-bearing centre. 

(4) Optical Activity from a Single Asymmetric Carbon Atom bearing a Metal Substituent. 
—We know of no previous demonstration of stable optical activity which depends on a 
single asymmetric carbon atom bearing a metal substituent in the absence of an asymmetric 
environment (i.e., another asymmetric carbon atom in the same or an associated molecule). 
However, it is to be inferred from the work of Marvel, Wright, Nesmeyanov, Reutov, and 
their colleagues that, with mercury as the metal substituent, it ought to be possible to 
demonstrate stable optical activity deriving from an isolated asymmetric centre involving 
a metal bond. And it was just such a demonstration, preferably involving as simple and 
typical an alkyl group as possible, that we required to start our investigations of the 
stereochemistry and mechanism of electrophilic substitutions which displace a metal from 
saturated carbon. 

We obtained this pre-requisite by resolving the s-butylmercuric ion, CHMeEtHg*: 
as the next several parts of this series will be concerned with its salts, we describe the 
resolution here. We have also resolved the 1-phenylethylmercuric ion, CHMePhHg*, 
for later use. 

The s-butylmercuric ion was resolved through the neutral (+-)-tartrate, and, more 
conveniently and completely, through the (—)-mandelate. The rotation of the (+-)-tartrate 
became negative in the less soluble fractions successively obtained by crystallisation from 
chloroform; its negative value was still increasing after sixteen such crystallisations, when 
conversion into bromide, {aJ,,2° —17-7°, showed resolution of the cation to be about three- 
quarters complete. Resolution through the (—)-mandelate was effected by half-neutralis- 
ing s-butylmercuric hydroxide with (—)-mandelic acid in acetone—methanol, and crystallis- 
ing the separated mandelate from acetone. The negative rotation of the bromide, derived 
from the successive, less soluble crops of mandelate, at first rose rapidly, then more slowly, 
and then scarcely at all between the fifth and the sixth crystallisation; hence the highest 
observed rotation of bromide, {«],2® —24-0°, must be close to the limiting value. From 
that part of the original s-butylmercuric hydroxide which remained un-neutralised, bromide 
was regenerated, which had [a], +5-3°; from the more soluble fractions of mandelate, 
samples of bromide were obtained which had positive rotations up to [#],?° +18-8°. (All 
rotations of bromide were measured in acetone, c~5 and /=1.) No racemisation or 
mutarotation was observed in any of these salts. 

(5) Plan of Development of Studies of Mechanism.—This demonstration of stable 
optical activity due to an isolated asymmetric centre containing a carbon—mercury bond 
caused our investigation of electrophilic substitution at saturated carbon to be begun 
with alkylmercury compounds, where the s-butyl derivatives were available to assist the 
stereochemical work. We knew that by requiring optical stability, we reduced our chance 
of observing the highly ionic S,1 mechanism: we did so to allow a more thorough study 
of the less ionic Sg2 and the Syi mechanisms (cf. Section 2). However, it seemed to us 
that, if this study succeeded, we could increase the ionising tendency by moving along the 
alkyl series CHR,, CHRAr, CHAr,, CH< (CC), (as We have begun to do) and if necessary, 
change the metal. 

The general reactions of alkylmercury compounds on which we expect to report include 
those in which the original mercury substituent is replaced (a) by mercury (from a mercuric 
salt), and (b) by hydrogen (from an acid). Both are electrophilic substitutions. We 
shall deal with them in this order because the stereochemical study of exchange reactions 
involves no ancillary investigation to correlate optical rotation with configuration, such 
as is required when a different element is being introduced by substitution. Mercury 
exchange (a) between alkylmercury compounds and mercuric ions can play the same part 
in the stereochemical study of electrophilic substitution as iodine exchange between an 

1 Reutov and Lu Tsin-Chen, Doklady Akad. Nauk, S.S.S.R., 1956, 110, 575. 
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alkyl iodide and iodide ions, and also bromine exchange between an alkyl bromide and 
bromide ions, played in the early stereochemical studies of nucleophilic substitution. The 
ancillary stereochemical investigation required for study of the acidolysis (5) is in hand. 

All the exchange reactions (a) must be included among the “ redistribution reactions ” 
of alkylmercury compounds, which, as their name implies, are commonly pictured as 
transfers of alkyl groups between mercury atoms.!® More of these seem to be possible 
than are known, and we can set down the apparent possibilities. The reactants are always 
two (repetition being allowed, provided that at least one alkyl group is included) selected 
from the three types, HgX,, RHgX, and R,Hg. The possible transfers are of R with R, 
and of R with X, that of X with X being trivial, since X is an actual or potential anion. 
Then there can be only one-reaction, if the reactants have only one R between them, 
necessarily an interchange of R with X. There might be two reactions if the reactants 
carry two R’s altogether, one reaction an interchange of R’s, and the other an exchange of 
R with X. There might also be two reactions if three R’s altogether are involved, an 
exchange of R’s, and an exchange of Rwith X. There could be only one reaction involving 
four R’s, necessarily an interchange of R’s. The six possibilities are shown in Scheme 1. 


SCHEME 1. Possible redistribution of alkylmercury compounds. 


| Exchange ; Labels mi ie 
1R RvxX -- Hg HgX, + RHgX z= RHgxX + Hg,X (a) 
| | oe xv 
R's { R’s ze Hg | R’HgX + RHgX ——= RHgX + R’HgX (db) 
- SS Rex ae ont RHgX + RHgX —— = R,Hg + HgX, (c) 
3R' if R’s | R —. R’HgX + R,Hg === RHgX + RR’Hg  (d) 
> 4 * * 
ok RvX RorHg | RHgX+R,Hg ——=R,Hg + RHgX (e) 
4R’s R’s R — | R,Hg+ R,Hg === RR’Hg+ RR’Hg (f) 


Reaction (c) is unique in that its factors and products are always different. In reactions 
(d), (e), and (f) the factors and products are different if the alkyl groups are distinguished. 
In reactions (a) and (e) they are different if the mercury atoms are distinguished. In 
reaction (b) they are different if the alkyl groups and the mercury atoms are all 
distinguished. These conditions of distinction create the necessity for labels. A label 
distinguishing R can be chemical, stereochemical, or isotopic; a label distinguishing Hg 
has to be isotopic. The labels indicated in Scheme 1 are those required simply in order to 
observe that a reaction is occurring. A further label may be needed in order 
unambiguously to determine which reaction it is. For example, in order to be able to both 
observe and distinguish reactions (d) and (e), it is necessary to label both R and Hg. 

Reactions (a), (c), and (f) have been described. We have observed a reaction inter- 
pretable as (e). However, it will now be argued that even these four reactions are not all 
independent, and certainly that the whole six are not. 

The evidence against reaction (f) is that mixtures of Me,Hg and Et,Hg yield MeEtHg 
only when an impurity of the form RHgX is present.1® The apparent redistribution of 
the dialkyls therefore goes by way of one of the other reactions, presumably, in view of 
other evidence, via (e). This other evidence is that we have observed a redistribution 
stoicheiometrically equivalent, under simple alkyl labelling, either to reaction (d) or to 
reaction (e); then, using the criterion of double-labelling as above, we have excluded 
interpretation in terms of reaction (d). These experiments will be included in Part III.” 
This is evidence against the existence of reaction (d), because the example was typical, the 
labels, enantiomeric and isotopic, could have had no kinetic effect, and the two conceiv- 
able paths go, as they always would, from the same factors to the same products: reaction 
(d) had every chance to occur, if it ever could, in the inevitable presence of reaction (e). 

15 Gilman, ‘‘ Organic Chemistry,”” John Wiley and Sons, New York, 1942, p. 1810. 

16 Calingaert, Beatty, and Soroos, J. Amer. Chem. Soc., 1940, 62, 1107. 


17 Charman, Hughes, Ingold, and Thorpe, forthcoming paper; Charman, Ph.D. Thesis, London 
University, 1958. 
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This is as far as our criticism of the redistribution concept can be carried on the basis of 
already completed experiments, though we expect that it will be possible to prove that 
reaction (b) is not faster than is provided by the reversible reaction (c), which genuinely 
occurs, as can be shown without labelling, and automatically includes a switch of alkyl 
groups between labelled mercury atoms, as postulated in reaction (6d). 

It is largely our theoretical outlook which leads us firmly to abolish all three of the 
alkyl-exchanges (0), (d), and (f). For, when we replace the general redistribution idea by 
the sharper picture of electrophilic substitution, we obtain a less open choice of reactants. 
One must function as the substituting agent, which has to have potentially cationic 
mercury, and must therefore be either HgX, or RHgX; the other must be the substrate, 
which has to be an alkyl compound having mercury to lose; and therefore must be either 
RHgX or R,Hg. The set of mercury-exchanges (a), (c), and (e) is necessary and sufficient 
to include these combinations, which are the only allowed combinations on these principles. 

These are the three reactions which mercury exchange is conceived to comprise. They 
are rewritten as electrophilic substitutions in Scheme 2. We call them the one-alkyl, the 
two-alkyl, and the three-alkyl mercury-exchanges. They will be severally the subjects of 
the next three Parts of this series, though not in that order. 


SCHEME 2. Possible electrophilic mercury exchanges. 


X,Hg R—HgX === XHg—R HgX, icecim ea ah oie CR 
; ~\ (™~ 
XRHg R—HgX === RHg—R HgX, wt Sor ee ee 
~\ (x 
XRHg R—HgR === RHg—R HgRX ....... (3) 
EXPERIMENTAL 


(6) Optical Resolution of s-Butylmercuric Salts.—(6a) s-Butylmercuric salts—The bromide 
was prepared, and converted into the hydroxide, and thence into the other salts required, as 
follows. 

The Grignard reagent from s-butyl bromide (100 g.) in ether (300 ml.) was added to finely 
powdered mercuric bromide (300 g.) suspended in ether (250 ml.) at such a rate as to maintain 
boiling. The mixture thickened considerably, and was stirred strongly during, and for 2 hr. 
after, the addition. After decomposition of the product with added cold 0-5% aqueous 
sulphuric acid, the ether layer was separated, and the ether pumped off to leave a white solid, 
which was crystallised twice from ethanol; yield 197 g. (70%); m. p. 39°. 

This bromide (10 g.) in acetone (40 ml.), on treatment with potassium hydroxide (2 g.) in 
methanol (25 ml.), gave immediately a precipitate, which, after 4 hr. at 0°, was filtered off. The 
filtrate, evaporated under reduced pressure, left a residue, whose filtered solution in ether 
(50 ml.) was evaporated under reduced pressure to give a residue of s-butylmercuric hydroxide, 
suitable for the preparation of other salts. Its solution in acetone, on neutralisation with 
0-1N-aqueous hydrochloric acid, gave the chloride as an oil, which solidified at. —20°, and, 
after being twice crystallised from ethanol, formed white crystals, m. p. 28°. The acetone 
solution of hydroxide, on treatment with 0-2N-aqueous potassium iodide, gave a solid precipitate 
of s-butylmercuric iodide, which, after being crystallised twice from ethanol, formed white 
crystals, m. p. 54°. The nitrate, prepared from the acetone solution of hydroxide and 0-5nN- 
aqueous nitric acid, separated on evaporation under reduced pressure as a dark oil, which 
subsequently solidified, and, on being crystallised twice from pentane, was obtained as white 
crystals m. p. 51° (Found: C, 15-4; H, 3-2. C,H,O,NHg requires C, 15-0; H, 2-8%). The 
tartrate, prepared from the hydroxide (derived from 10 g. of bromide) by the slow addition with 
stirring to its solution in acetone, of tartaric acid (8 g.) in water (15 ml.), separated as a solid, 
and, after 1 hr. at 0°, was collected, and crystallised twice from ethanol, as white crystals (9 g.), 
decomposing at 158° (Found: C, 21-7; H, 3-4. C,,H,.O,Hg, requires C, 21-7; H,3-4%). The 
mandelate was prepared similarly, except that it was crystallised twice from acetone, as white 
crystals, m. p. 144° (Found: C, 35-3; H, 4-0." C,,H,,O,Hg requires C, 35-4; H, 3-7%). 
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(6b) Resolution through the tartrate. At room temperature, | g. of tartrate is soluble in about 

30 ml. of chloroform, and in about 2 ml. of pyridine. Resolution proceeded in the same un- 
hurried manner in either solvent. Fractionation was conducted according to the triangular 
scheme shown, the quantities of solvent being so adjusted that in each crystallisation the 
average recovery of crystals was about 67%. (The 


asl Ns diagram means that, e.g., specimen 2b is composed by 

Crystals Filtrates combining the filtrate from the crystallisation of sample 
3 P 3 la with the crystals from the crystallisation of sample 

/ \ r. 4 Ps “3 1b.) The longest of the fractionations done (16 rows) 


was in chloroform, and, in the course of it, the rotations 
(taken in pyridine, c ~ 5 and / = 1) of the na samples of tartrate, i.e., those designated down 
the left-hand edge of the triangular scheme, changed as follows: 


{ 6 nn 1 2 3 4 5 6 7 8 

EE wcicsvonsaciass — -- +5-6° +4-9° +3-5° +2-5° +1-8° +1-1° 

{ {> 9 10 ll 12 13 14 15 16 
DE” asevvtenenacsss 0-0° —1-0° —1-5° -- — 2-9° —3-5° —4-0° —4-4° 


For conversion into the bromide, a solution of the tartrate (say 5 g.) in pyridine (10 ml.) was 
treated with concentrated hydrobromic acid (1-5 ml.; d 1-47), and then water was added, and, 
after 1 hr. at 0°, the bromide was collected, washed with water, and crystallised from methanol. 
The fraction 16a of tartrate, thus converted, gave bromide of [{a],2° —17-7° in acetone (cf. 
Section 4). 

(6c) Resolution through the mandelate. An acetone solution of the hydroxide, obtained 
from bromide (10 g.) as described in paragraph (6a), was.added, slowly and with stirring, to a 
solution of (—)-mandelic acid (2-1 g.) in methanol (11 ml.). Towards the end of the addition, 
a precipitate appeared, which, after a day at 0°, was collected (sample la; 4-3g.). The filtrate 
was evaporated off under reduced pressure to half its volume, when a further precipitate 
appeared, which, after being kept for some hours at 0°, was collected (sample 1b; 1:3g.). The 
filtrate containing the excess of s-butylmercuric hydroxide was treated with concentrated 
hydrobromic acid (1-7 g.; d, 1-47), and the bromide which separated was collected some hours 
later (5-4 g.); after being crystallised from pentane, it had [a],,2° + 5-3° in acetone (cf. Section 4). 
The mandelate sample la was now crystallised from acetone (60 ml.), and sample 1b was added to 
the filtrate from that crystallisation. Then the fractionation was continued systematically 
from acetone, according to the general triangular scheme, for four more rows, i.e., to a total of 
six rows, the solvent being employed in such quantity (about 14 ml. per g. of mandelate) that 
the recovery of.crystals in each crystallisation was about 60%. Progress was followed (in this, 
our final, method of resolution, after it was known to be satisfactory), not through the rotation 
of the mandelate itself, but by converting most of the individual samples of mandelate into 
bromide, and observing the rotation of the latter (in acetone, c ~ 5, and / = 1), this procedure 
being adopted partly because the derived bromide samples all had rotations large enough to 
make them useful in experiments for which we wanted that substance optically active but not 
necessarily optically pure. The rotations of bromide derived from the successive na fractions 
of mandelate, i.e., those on the left-hand edge of the triangular fractionation scheme, were as 
follows (cf. Section 4): 


CII wriaccsincpecsievctcnnssens 1 2 3 4 5 6 
[a]p** of bromide ............... —12-5° — —19-8° — 22-4° —23-7° —24-0° 


As to fractions belonging to the right-hand portion of the triangular diagram, fraction 3c gave 
bromide having [{z],,2° +11-9°, and the fractions designated below and to the right of it gave 
samples of bromide having various higher positive rotations up to [a],,2° +17-8°. Conversions 
into bromide were effected by treating the mandelate (say, 5 g.) in dioxan (5 ml.) with hydro- 
bromic acid (1 ml.; d 1-47) and water (5 ml.), and then, after 1 hr. at 0°, collecting the bromide, 
washing it with water, and crystallising it from methanol. The m. p. of the bromide appeared 
to be almost independent of its rotation. Crystallisation of the partly resolved bromide 
produced no marked further separation, but, with the solvents investigated, left slightly larger 
specific rotations in the filtrate, as the following experiments illustrate. In all of them, 1 g. of 
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the bromide was crystallised from the quantities of solvents stated, and the specific rotations of 
the crystals, and of the solute in the filtrate, were measured in acetone: 


30 ml. of ligroin (b. p. 60—80°), [«]p*° of crystals +14-1°; of filtrate +17-7° 
10 ~=~«z4, +=nitromethane, - os +15-1° ‘is +16-9° 
10 » acetonitrile, oe on +15-4°, “ +18-8° 


These quantities of solvent were adjusted to produce approximately equal divisions of the 
solute between the eventual crystals and filtrate. 


WILLIAM RAMSAY AND RaLpH ForRSTER LABORATORIES, 
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506. Mechanism of Electrophilic Substitution at a Saturated Carbon 
Atom. Part II.* Kinetics, Stereochemistry, and Mechanism of the 
Two-alkyl Mercury-exchange Reaction. 


By H. B. CuHarman, E. D. HuGHEs, and SIR CHRISTOPHER INGOLD. 


Mercury exchange between mercuric bromide as substituting agent and 
optically active di-s-butylmercury as substrate, to produce optically active 
s-butylmercuric bromide, proceeds in ethanol with complete retention of 
configuration. This is the first demonstration that retention of configuration 
is the preferred stereochemical path of an electrophilic substitution at 
saturated carbon in the absence of stereospecific influences from neighbouring 
asymmetric groups. This reaction, alike in ethanol and in acetone, follows 
the second-order form, Rate = k,[HgX,][R,Hg]. These two results exclude 
unimolecular electrophilic substitution, Sgl, but are compatible with either 
bimolecular electrophilic substitution, S,2, or internal electrophilic sub- 
stitution, Spi. The last two mechanisms were distinguished by comparing 
results of a number of such parallel investigations with different substituting 
agents. On the one hand, the original agent HgBr, was complexed with 
extra halide ion in LiHgBrs,, so decreasing the cationic nature of the reagent 
mercury, but providing loosely held bromide to combine with the mercury 
expelled from the substrate. A great reduction of rate resulted. On the 
other hand, the original HgBr, was replaced by the increasingly ionic salts 
Hg(OAc), and Hg(NO,),. All these substitutions went with total retention 
of configuration in ethanol, and the last also in ethanol—water; they all 
had the same second-order kinetics, but their absolute rates increased strongly 
with increasing ionicity of HgX,. It is concluded that the substitutions by 
salts HgX, in the dialkyl R,Hg, and the reverse reactions of substitution 
between two molecules RHgX, all proceed by a configuration-retaining, 
bimolecular, electrophilic mechanism of substitution, S,2. 


In Part I * it was shown that three, and only three, mercury-exchange reactions can exist 
as independent electrophilic substitutions, two of which had not previously been recognised. 
They have now all been realised, and we shall report their kinetics and stereochemistry. 
This paper is concerned with the one which was previously recognised, the ‘‘ two-alkyl ”’ 
mercury-exchange, as we call it to distinguish it from the others: 


+2 
2RHgX =e ReHe + HeX,. . - - - «. «© = (eqn. 2 of Part I) 
2 


c , 


This is the longest-known of the “ alkyl redistribution” reactions of mercury. In 
almost all investigated examples, the equilibrium so lies that the main natural direction 
of reaction is from right to left (—2)._ However, the reaction can be led from left to right 
(+2) by continuously removing the formed mercuric salt, ¢.g., by anion exchange with 


* Part I, preceding paper. 
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precipitation, as of mercuric sulphide, or by co-ordination with a strongly complexing 
ligand, such as ammonia. In this form, the reaction, called “‘ symmetrisation,” has been 
regarded as a special case of alkyl “ redistribution.’”” However, the reaction in both 
directions has been recognised as a form of electrophilic substitution by Winstein, Reutov, 
and others. 

(1) Previous Stereochemical Work.—First, as to the reaction in its natural (—2) direction, 
Wright ? added the groups OMe and HgOAc to cyclohexene, with the aid of mercuric 
acetate in methanol, to give the reacemic forms of the so-called «- and 6-diastereoisomers 
of 2-methoxycyclohexylmercuric acetate, of which the $-isomer was the more thermo- 
dynamically stable; from them, by reduction with hydrazine, he obtained the symmetris- 
ation product di-(2-methoxycyclohexyl)mercury in three forms, of which the most thermo- 
dynamically stable was assumed to be the 66-form; finally, by treatment of this form with 
mercuric acetate, he obtained the pure $-form of 2-methoxycyclohexylmercuric acetate. 
Since half the carbon-mercury bonds in the last product are formed by substitution, and 
the thermodynamically less stable isomers of the di-(2-methoxycyclohexyl)mercury gave, 
at least in part, the less stable «-acetate, it was concluded that substitution proceeds with 
retention of configuration. Winstein, Traylor, and Garner ? supplemented this finding by 
converting {-2-methoxycyclohexylmercuric chloride by means of 2-methyl-2-phenyl- 
propylmagnesium chloride into §-2-methoxycyclohexyl-(2-methyl-2-phenylpropyl)mer- 
cury, and then, with the aid of mercuric chloride, regenerating 8-2-methoxycyclohexyl- 
mercuric chloride, along with 2-methyl-2-phenylpropyl (neophyl) chloride. Although, as 
was shown by isotopic labelling, 48% of the carbon—mercury bonds in the recovered 
methoxycyclohexylmercuric chloride had been formed with a mercury-for-mercury substitut- 
ion, that product was still the pure B-isomer.* Winstein and Traylor * showed that di- 
4-camphylmercury and mercuric chloride give 4-camphylmercuric chloride, and hence that 
the necessity for a retained configuration does not prevent the occurrence of substitution. 
Reutov, Beletskaya, and Mardaleishvili® found that a particular diastereoisomer of 
di-(—)-menthyl mercurybis-«-(phenylacetate) could be converted into the same diastereo- 
isomer of (—)-menthyl «-(bromomercuri)phenylacetate in two ways, namely, by treatment 
with hydrogen bromide, a reaction in which none of the carbon—-mercury bonds eventually 
appearing in the bromomercuri-product suffers cleavage, and by treatment with mercuric 
bromide, a reaction in which 50% of the carbon-mercury bonds of the product are formed 
as a result of mercury exchange. This again points to retention of configuration in the 
exchange. It.is possible so to conduct the reaction with mercuric bromide that some 
stereoisomeric change results,* but this could be due to interference by the prototropic 
system in the acetic ester residue. 

As to the left-to-right (+2) exchange, Winstein and Traylor # and Nesmeyanov, 
Reutov,5 and their co-workers have shown that a diastereoisomer of (—)-menthyl 
a-(bromomercuri)phenylacetate, on treatment with ammonia, yields a form of di-(—)- 
menthyl mercurybis-a-(phenylacetate), from which hydrogen bromide regenerates only 
the original diastereoisomer of (—)-menthyl «-(bromomercuri)phenylacetate. In the 
mercurybis(phenylacetate), 50° of the carbon—mercury bonds are new, and a 50% sample 
of these new bonds is recovered in the regenerated bromomercuri-compound; evidently 
the new bonds are formed with retention of configuration. 

(2) The Present Objectives——In summary, Section 1 shows that all workers agree that 


* These B-forms are described as cis, but there is some doubt about this identification,’ which is not 
ssential to the conclusion drawn. 


1 Wright, Canad. J. Chem., 1952, 30, 268. 

Winstein, Traylor, and Garner, J. Amer. Chem. Soc., 1955, 77, 3741. 

Brook and Wright, Acta Cryst., 1951, 4, 50; Wright, Ann. New York Acad. Sci., 1957, 65, 436. 
Winstein and Traylor, J. Amer. Chem. Soc., 1956, 78, 2597. 

Reutov, Beletskaya, and Mardaleishvili, Doklady Akad. Nauk S.S.S.R., 1957, 116, 617. 
Nesmeyanov, Reutov, and Poddubnaya, Izvest. Akad. Nauk S.S.S.R., Otdel. khim. Nauk, 1953, 
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configuration is preserved at mercury-bearing carbon in the two-alkyl exchange reaction. 
Yet all the examples involve more than one asymmetric carbon atom, so that none of the 
investigated substitutions is free from internal asymmetric influences, which are’ often the 
strong influences of asymmetry coupled in rings. Further, in all the examples, the carbon 
atom at which substitution occurs is not in a simple alkyl group, but in some substituted 
or involuted structure, holding various possibilities of special stereochemical effects from 
neighbouring groups in the structure. Thus, despite the historical unanimity, we are still 
without any demonstration as to whether substitution with retention of configuration is 
the preferred stereochemical path of the two-alkyl mercury-exchange in a typical and 
simple alkyl system, in the absence of all possible stereospecific influences. This is the 
first gap we now seek to fill. The second, equally obvious in the prior investigations, is that 
in no case has an observed stereochemical result been associated with a kinetic study such 
as might link steric course with mechanism. 

We studied reaction (2), stereochemically and kinetically, in the thermodynamically 
natural direction (—2). It is unnecessary to study the mechanism of a reversible reaction 
experimentally in both directions, for by the principle of microscopic reversibility its 
mechanism in both directions is known as soon as it is determined for one. 

(3) Stereochemistry of Substitution—As R in reaction (2), we used s-butyl (see Part I). 
This is a typical alkyl group, and as simple as can provide an asymmetric seat for the 
mercury exchange; in particular, it has no asymmetric centre other than that bearing the 
metal. As X we used three potential anions, namely, bromide, acetate, and nitrate. 

The principle of the stereochemical part of these studies can be explained by reference 
to the example of substitution in di-s-butylmercury by mercuric bromide. Optically 
active s-butylmercuric bromide, the specific activity of which we will call 6, was converted 
by the use of a (necessarily racemic) Grignard reagent prepared from s-butyl chloride, into 
a di-s-butylmercury labelled by optical activity in one only of its two alkyl groups: 


R°HgBr + RMgCl —— R°HgR + MgCiBr 


(The degree sign denotes labelling by optical activity; the asterisk is reserved to indicate 
labelling by radioactivity, since both will occur in forthcoming Parts.) The original 
carbon-mercury bonds R°Hg are untouched in this reaction, and accordingly, in them, the 
label suffers no dilution, though an equal number of new and unlabelled carbon—mercury 
bonds RHg are formed. 

This dialkylmercury was converted by treatment with mercuric bromide into s-butyl- 
mercuric bromide: 

R°HgR + HgBrg —— R°HgBr + RHgBr 


The stoicheiometry shows that the label, if assumed to “ stick ” to its alkyl group, suffers 
a two-fold dilution in the total product, the specific activity of which, on the assumption 
made, should be 6/2. However, the consequences of the label’s not “ sticking ” require 
to be examined. 

The dialkyl will be attacked with equal probability at R and at R°; each attack will 
produce two molecules of product, one having a preserved, and the other an exchanged, 
carbon-mercury bond. Thus, a quarter of the product will arise from attack on R, to 
give molecules containing an untouched R°Hg bond: the specific activity of this part of 
the product will be 6. A second quarter will come out of the same attack by the formation 
of the new RHg bond: its specific activity will be 0. The third quarter will arise from 
attack at R° to give molecules with an untouched RHg bond: its specific activity will also 
be 0. The fourth quarter will be formed by mercury replacement at R°, and its specific 
activity will depend on the stereochemical course of substitution. If configuration is 
wholly preserved, the specific activity of this quarter of the product will be 0, and that of 
the whole product will accordingly be }(8 + 0 + 0 + 6) = 6/2. If the asymmetric centre 
is completely racemised by substitution, the activity of the fourth quarter will be 0, and 
that of the whole product }(@ + 0 + 0+ 0) = 6/4. If configuration is wholly inverted 
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in the substitution, then the activity of the fourth quarter will be —6, and that of the 
whole product }(6 + 0 + 0 — 6) = 0. 

Here is a clear distinction. It is the same, if the reagent is mercuric acetate or nitrate, 
provided that the optical activity of the formed s-butylmercuric acetate or nitrate is 
tested in the corresponding bromide (which, being more sparingly soluble in water, can be 
produced very easily from either of the other salts by treatment with aqueous potassium 
bromide). 

The results of our experiments on these lines are in Table 1. With all these substituting 
agents, to within observational error, the specific rotation of the s-butylmercuric bromide, 
formed by or through mercury-exchange between these substituting agents and di-s-butyl- 
mercury was one-half of the specific rotation of the s-butylmercuric bromide from which 
the di-s-butylmercury was prepared. This demonstrates substitution with retention of 
configuration in all these three two-alkyl mercury-exchanges. 

Lithium bromide was introduced into experiment S2 for reasons to do with the work 


TABLE 1. Optical rotations (in acetone, with | = 2) of s-butylmercuric bromide converted into 
di-s-butylmercury and obtained therefrom by reaction with mercuric salts in ethanol or 
aqueous ethanol at 0°. 


Rotation of initial BuHgBr: c = 4-63; [a]p?° = —15-2°. 
Final BuHgBr 

No. [Bu,Hg} Reagents Solvent c [a]p”° 
Sl 0-1 0-1mM-HgBr, EtOH 5-74 —7-6° 
$2 0-1 0-Im-HgBr, + 0-3m-LiBr ae 3-56 —7:8 
$3 0-1 0-IM-Hg(OAc), : - 4:59 —7°5 
S4 0-1 0-I1m-Hg(NO,). se 4:76 —78 
S5 0-075 0-075mM-Hg(NO,),. + 0-75M-HNO, 1: l-aq.-EtOH 2-03 —7:2 

Mean: —76 
S6 0-075 0-15mM-HBr 1: l-aq.-EtOH 5-74 —7-6 


described in Section 4. In experiment S5, water and nitric acid were introduced to 
increase ionisation, but limit hydrolysis, of the reagent. This was the only experiment in 
which a detectable side-reaction occurred: a small amount of mercurous nitrate was 
formed. Experiment S6 was essentially a blank to ascertain whether the di-s-butyl- 
mercury was in reality, as had been assumed, optically inactive with respect to one of its 
two s-butyl groups. It might not have been either because (i) the optically active s-butyl- 
mercuric bromide might have reacted more quickly with one enantiomer of the Grignard 
reagent than withthe other, when rapid racemisation of the Grignard compound would 
have restored the more extensively consumed form, which eventually would have been 
found to have reacted in excess, or (ii) the di-s-butylmercury, even if truly racemic in one 
alkyl group when formed, is a mixture of diastereoisomers, which should have different 
boiling points (we saw signs of this, material of higher rotation having higher b. p.), and 
therefore might inadvertently have become partly separated when, during preparation, 
the dialkyl was distilled. In fact, no errors arose from these causes. Experiment S6 so 
converts di-s-butylmercury into s-butylmercuric bromide that all the carbon—mercury 
bonds of the latter are carried in untouched, half coming from the optically active side of 
the di-s-butylmercury and half from its supposedly inactive side. That the latter was 
inactive is shown because the rotation of the finally formed s-butylmercuric bromide was 
just one-half of that of the original sample used to prepare the di-s-butylmercury. 

One other conceivable source of error in the recorded rotations has to be considered, 
namely, that which would arise from any incompleteness of crystallisation of the formed, 
partly resolved s-butylmercuric bromide. As shown in Part I, Section 6c, the racemic 
form is a little less soluble than either enantiomer, and therefore an error due to this cause 
should result in low rotations. However, the rotations in Table 1 show no evidence of 
any such systematic error. 
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(4) Kinetics of Substitution—Two methods of following the kinetics were evolved, both 
dependent on the quenching of the substitution at known times by an instantaneous 
irreversible reaction of the surviving inorganic mercuric salt, this reaction producing a 
colour, or change of colour intensity, which could be measured without uncontrollable 
disturbances from the organic mercury compounds present. The first was the dithizone 
method (D in the Tables), which can be used in acetone but not in ethanol; the second 
was the generally more versatile sulphide method (S)._ The procedures are described in 
Sections 6c and 6d. 

The reaction of mercuric bromide with di-s-butylmercury was followed in acetone by 
the dithizone method, and in ethanol by the sulphide method. The record of a run is 
contained in Table 2, which indicates a kinetic course represented by the second-order 
rate-equation. A number of second-order rate-constants for this substitution, with 
various initial concentrations of reactants, are collected in Table 3, which shows the rate- 
constants to be independent of the concentrations of both reactants. Evidently the 
kinetic equation, Rate = k,{HgBr,](Bu,Hg], is obeyed. 


TABLE 2. Kinetic course of the reaction of mercuric bromide with di-s-butylmercury (Run 
24a. Method D. (HgBr,], = [Bu’,Hg], = 0-40 mm 1m acetone at 25°). 


pln eRe ee 3-5 44 6-4 73 8-8 10-8 «13-1 
Suncor. 280 272 244 232 2-24 2:00 1-92 

(HgBr,] (10M) . corr* .. 3-40 3:32 3:04 292 2-84 2-60 2-52 

hk, (1. mole sec.-*) ............ 2-1 1-9 2-2 2-1 1-9 2-1 1-9 Mean 2-0 


* The basis of this correction is explained in Section 6c. 


TABLE 3. Second-order rate-constants of the reaction of mercuric bromide with 
di-s-butylmercury at 25°. 





Solvent [HgBr,], [Bu,Hg], ¢ Solvent {HgBr,], [Bu.Hg], 3 
(Method) (mm) (mM) (1. mole sec.~) (Method) (mm) (mm) (1. mole! sec.~1) 
f 0-08 0-08 2- , ' 0-40 0-40 2-0 
0-20 0-20 2-3 Me,CO (D) i 1.00 1-00 2-2 
Me,CO (D) 0-40 0-20 2-7 
0-40 0-20 2-8 Mean: 2-4 
L 0-40 0-40 2:3 a 
. 2-00 2-00 0-38 
EtOH (S) ...{ 3.99 2-00 0-40 





The effect of added lithium bromide on the reaction between mercuric bromide and 
di-s-butylmercury in acetone was next investigated. The specimen run in Table 4, and 
the rate-constants in Table 5, show that added lithium bromide reduced the rate of mercury- 
exchange, as expressed by &, of Rate = k,{HgBr,][Bu’,Hg]. However, as long as the 
concentration of lithium bromide was well below that of the mercuric bromide, the 
modified second-order equation, Rate = k,"‘([HgBr,] — [LiBr])[Bu’,Hg] was obeyed, in 
which the constant ,"', starting from identity with , in the absence of lithium bromide, 
retained the same value when lithium bromide was introduced. This can be understood 
on the basis that the lithium bromide, when in defect, is almost completely complexed 
with mercuric bromide to form LiHgBrs, and that it withholds from the exchange reaction 
the equivalent of mercuric bromide thus complexed. However, when the proportion of 
lithium bromide equals or exceeds that of the mercuric bromide, k,“' becomes infinite 
or negative and hence meaningless, whilst a calculated k, continues to fall sharply. A more 
complicated kinetic situation now obtains, which we have not attempted to elucidate 
quantitatively. Most of the mercuric bromide will now be combined in the complex, just 
as most of the lithium bromide previously was, and reactivity in the exchange will depend 
largely on the small residue of mercuric bromide which remains uncombined, and hence 
on a minor component in the material balance, controlled by the reversible reaction, 
LiBr + HgBr, === LiHgBr;, of which we do not know the equilibrium constant. More- 
over, in this situation, further thermodynamically-uninvestigated complexing and ionising 
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equilibria may become relevant. Some of these runs were followed by the dithizone 
method, and some by the sulphide method because dithizone combines with only that 
part of the mercuric bromide which is in excess of the lithium bromide, and thus does not 
react with LiHgBrs, whereas sulphide is formed from the total inorganic mercury. 


TABLE 4. Kinetic course of the reaction between mercuric bromide and di-s-butylmercury in 
the presence of lithium bromide (Run 35. Method S. [HgBr,], = [Bu*,Hg], = 
[LiBr], = 4-0 mm 1 acetone at 25°). 


CL SES a Oe 19-5 39-0 61-0 82-0 101:0 1200 140-0 
[HgBr,] (mM) .........00ee000 2-9 2-6 1-6 1-25 1-05 1-00 0-90 
ky (1. mole sec.-!) ........000 0-08 0-06 0-10 0-11 0-12 0-10 0-10 


Mean k, = 0-101. mole sec.". 


Change of the substituting agent from mercuric bromide to mercuric acetate gives much 
faster reactions. They were studied by the sulphide method in the more retarding solvent, 
ethanol, at 0°; even then the times of half-change were a very few minutes. However, 
it was established that the reactions obey the second-order rate-equation, Rate = 


TABLE 5. Second-order rate-constants of the reaction of mercuric bromide with di-s-butyl- 
mercury in the presence of lithium bromide in acetone at 25°. 


[LiBr], [HgBr,] [Bu,Hg]. ky kyl 
Method (mm) (mM) (mM) (1. mole“! sec.-!) (1. mole? sec.~) 

D 0-0 0-4 0-4 2-4 2-4 

= 0-2 0-4 0-4 0-9 2-2 

= 0-4 0-8 0-4 1-0 2-2 

» 0-5 1-0 1-0 1-0 2:3 

S 4-0 4:0 4-0 0-10 _ 
8-0 4-0 4-0 0-045 —_ 


k,{Hg(OAc),}[Bu*,Hg], as shown by the sample run recorded in Table 6 and the collection 
of second-order rate-constants in Table 7. Correction of these constants for the thermal 
volume-change reduces them by 2%; the mean, thus corrected, is 5-3 1. mole sec. 


TABLE 6. Kinetic course of the reaction of mercuric acetate with di-s-butylmercury (Run 
43. Method S. [Hg(OAc),], = 0-20 mm, [Bu’,Hg], = 1-00 mm, tn ethanol at 0°). 


t(min.) .........: ERO a eee oe 0-58 1-58 2-25 3-08 3°75 4°75 5-75 

PRET CI UE) asctcescccsssssccsens 1-76 1-16 0-87 0-72 0-58 0-53 0-34 

Re B.C GACT) cn csccnccecsoscsscers 4-4 6-1 6-4 6-0 5:8 5-1 5:8 
Mean k, = 5:7 1. mole sec.“? 


TABLE 7. Rate-constants of the reaction of mercuric acetate with di-s-butylmercury im 
ethanol at 0° (Method S). 


[Hg(OAc),s]q [Bu,Hg] he | [Hg(OAc)] [Bu,Hg] ky 
(mm) (mm) (l. mole sec.-!) | (mm) (mm) (1. mole sec.—) 

0-2 0-2 5-0 0-2 1-0 5-7 

0-2 0-4 4°5 0-2 2-0 5-9 

0-4 0-4 5:7 Mean: 65-4 


Change of the substituting agent to mercuric nitrate gave still faster reactions; it was 
necessary to reduce the temperature below —45° in order to measure kinetics. Two runs 
were conducted in ethanol at —46-6°; they gave results corresponding to the second-order 
equation Rate = k,{[Hg(NO,),][Bu*,Hg], as is shown for one of them in Table 8, in which 
also the rate-constants of both runs, corrected by 7% for the thermal volume-change, 
are noted. 

We may summarise these results. First, the three mercuric salts, HgBr,, Hg(OAc),, 
and Hg(NO,)., react with di-s-butylmercury to give the appropriate s-butylmercuric salt, 
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always in accord with the second-order equation. Secondly, the potentially anionic 
mercury of the complex LiHgBr; has little or no reactivity towards di-s-butylmercury in 


TABLE 8. Kinetic course of the reaction of mercuric nitrate with di-s-butylmercury (Run 
51. Method S. [Bu’,Hg],) = [Hg(NO3)o]) = 0-40 mm, in ethanol at —46-6°). 





Sp ee 1:50 2-25 3-50 5-75 7-15 11-5 
[Hg(NO,),] (10m) 3-01 2-62 2-39 1-92 1-60 1-24 
hy (1. mole sec!) ......... 9-1 9-8 8-0 7-9 8-1 8-0 Mean 8-5 


Mean rate-constants corrected for thermal contraction: 

~_ 9 an ts rei 7 ai Mean: 7-61. mole sec. 
our conditions. Thirdly, the reactivities of the mercuric salts HgBr,, Hg(OAc),, and 
Hg(NO,), towards di-s-butylmercury increase in that order, as is shown by the following 
mean rate-constants (1. mole sec.“!) of reaction in ethanol at the temperatures noted: 
HgBrp, 0-39 at 25°; Hg(OAc),, 5-3 at 0°; Hg(NO,),, 7-6 at —46-6°. The overall reactivity 
sequence is, thus, LiHgBr, < HgBr, < Hg(OAc), < Hg(NOs)o. 

(5) Mechanism of Substitution—The complete retention of configuration, and the 
second-order kinetic form of the substitution with mercuric bromide showed that the 
unimolecular electrophilic mechanism Sgl could not be operative. However, the bimole- 
cular electrophilic mechanism Sg2 admits retention of configuration, and the internal 
electrophilic mechanism Sxi requires it; both these mechanisms require second-order 
kinetics (see the preliminary discussion of mechanisms in Part I, Section 2). We thus had 
to devise kinetic distinctions between mechanisms S,2 and Sxi; the rest of the work 
described was devoted to this end. 

The first distinction applied was based on the consideration that mechanism S,2 
describes a purely electrophilic attack on carbon by the cationic or potentially cationic 
mercury of the substituting agent, whilst mechanism S,? involves a collaborating nucleo- 
philic attack on the expelled mercury by some potentially anionic component in the 
reagent. If, therefore, in the reagent HgBr,, the mercury is complexed with an extra 
bromide ion, as in LiHgBr,, with weakening of its cationic status and some acquisition of 
negative charge, rate by mechanism Sg2 must be strongly reduced. On the other hand, 
the collaborating nucleophilic attack required in mechanism Sgt would be favoured by the 
structure of this complex, which contains an extra bromide ion, eager to have its own 
exclusive mercury, and very easily made available to combine and go off with the expelled 
mercury atom; therefore the effect of the complexing on mechanism Sg? is unlikely to be 
to reduce rate strongly, and might well be to increase it. As we have seen, the complexing 
strongly retards the mercury exchange. 

The complementary distinction which we have used depends on the consideration that 
the reactivity of simple mercuric salts HgX, as substituting agents in mechanism Sy2 must 
increase with the ionicity of their constitution, and with their ease of ionic dissociation, 
right up to the limit of the completely free ion Hg?*, whereas, since, in substitution by 
mechanism St, the elements of a cyclic transition-state have to be kept together, rate 
by this mechanism must fall with increasing ease of dissociation, indeed to a zero second- 
order rate in the limit in which the mercuric salt is completely dissociated. As a series 
of salts of increasing ionicity, we investigated HgBr,, Hg(OAc),, and Hg(NO,),. The 
reactions of all three with di-s-butylmercury in ethanol, and of the third in aqueous ethanol, 
proceed with quantitative retention of configuration and second-order kinetic form. Thus 
they form a single class, relevant to our problem of distinguishing between mechanisms 
Sz2 and Syi. The distinction is provided by the observation that the absolute rates 
increase strongly with increasing ionicity along the series, HgBr,, Hg(OAc),, Hg(NO,).. 
[If it had been necessary, we should have added Hg(Cl0,),.] This points to the incursion 
of mechanism Sx2 in the series and leaves only the doubt as to whether mechanism Sx2 or 
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Sxt is dominant at its less reactive end, before the rate increase can be shown to have set 
in (t.e., HgBr,). 

This doubt is removed when we consider the complementarity of our two criteria. 
The first can be regarded as a backward extension of the second, the effect of thus joining 
them being to enlarge our reagent series LigBr,, HgBr,, Hg(OAc),, Hg(NO,), in order 
of increasing positivity of mercury. Along this enlarged series the absolute rate of 
substitution strongly increases, and, as before, we assume mechanism S,2 in order to 
account for the increase. Thus the doubt about mechanism attaching to the starting point 
of the series moves back to LiHgBr, (about whose reaction anyway we know less than 
about those of the other substituting agents). 

Thus, for the reactions of mercuric bromide, acetate, and nitrate, severally, with 
di-s-butylmercury in ethanol, the mechanism of mercury exchange is uniformly that of 
bimolecular electrophilic substitution Sg2. In this mechanism, stereochemical configur- 
ation is fully preserved. The same conclusions will apply to the corresponding retrograde 
reactions (“‘ symmetrisation ”) in the same conditions. 


EXPERIMENTAL 


(6a) Materials.—The preparation and resolution of s-butylmercuric bromide are described in 
Part I, Section 6. Di-s-butylmercury was prepared by gradual addition of a solution of racemic 
or optically active s-butylmercuric bromide (10 g.) in ether (50 ml.) to the Grignard reagent 
from s-butyl chloride (4 g.). After 2 hr., 0-5% aqueous sulphuric acid was added, and the ether 
layer was dried (MgSO,) and evaporated, The di-s-butylmercury, distilled through a 15 cm. 
vacuum-jacketed column, had b. p. (racemic form) 46°/1-7 mm., ,* 1-5118; yield 6 g. (68%). 
The recorded properties’ are b. p. 44-5°/1-3 mm., ,** 1-5110. The compound decomposed 
in light, with formation of a black precipitate, and was stored in the dark at —80°. If necessary 
it was redistilled. before use. 

(6b) Products.—A solution (5 ml.) in ethanol of optically active di-s-butylmercury (0-15m) 
was added to a solution (2-5 ml.) of the substituting agent (0-3m). When the latter was mercuric 
bromide in ethanol, the product was separated by adding water (10 ml.), and, after 1 hr. at 0°, 
was collected, washed successively with 5% aqueous potassium bromide (3 x 3 ml.), water 
(3 x 5 ml.), and methanol (2 x 2 ml.), and crystallised from pentane; yield 85%. When the 
reagent was mercuric acetate or nitrate in ethanol (2-5 ml.), or mercuric nitrate in aqueous 
1-5N-nitric acid (5 ml.), the product was precipitated by adding 5% aqueous potassium bromide 
(10 ml.), and the above procedure for isolation was followed. In the reaction involving nitric 
acid a small amount of mercurous bromide was isolated. One of the reagents used was 0-3N- 
aqueous hydrobromic acid (5 ml.); the product was isolated as in the other cases. 

(6c) Kinetics by the Dithizone Method.**—A standard solution of purified dithizone in carbon 
tetrachloride was tested for the effect of di-s-butylmercury, s-butylmercuric bromide, and 
acetone, on the constancy of the amount of it taken up by mercuric bromide in acetone, as 
indicated by the reduction in its light absorption at 620 mp (Unicam spectrophotometer). 
The effects of time and light on the absorption were also noted. Mercuric bromide in acetone 
alone gave a reading unaffected by time, light, or acetone; the absorption was reduced by 
s-butylmercuric bromide, both in the absence and in the presence of mercuric bromide, 
though not by much if all solutions were kept in the dark; di-s-butylmercury alone did not 
affect the absorption, but in the presence of mercuric bromide caused a small (e.g., 5%) down- 
ward drift for the first 10 min. only 

In order to compensate for these effects, calibration graphs were prepared, corresponding 
to the successive compositions obtaining during a run. A synthetic sample was added to the 
dithizone, the solution was kept in the dark for 10 min., then the absorption reading was taken. 
Table 9 contains the data for the graph used in following run 24a (Table 2) and such other runs 
in acetone (Table 3) as had equal initial concentrations. (A separate graph was necessary for 
each initial ratio of reactants. All these graphs were essentially linear.) 


7 Winstein and Traylor, J. Amer. Chem. Soc., 1955, '77, 3747. 
® Snell and Snell, ‘‘ Colorimetric Methods of Analysis,”” Van Nostrand Co., Inc., New York, 1949, 
Vol. II, (a) p. 70; (6) p. 75. 
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The concentrations of ‘‘ standard ”’ dithizone solutions do not remain constant.** However, 
such variation in our experiments affected only the axial intercepts, not the slopes, of our 
calibration graphs because the latter were linear and the concentration of mercuric bromide 


TABLE 9. Data for the construction of a calibration curve for use in the dithizone method 
of following kinetic runs. 


([HgBr,] (10m) .......cseeeeee 4-0 3-6 3-2 2-8 2-4 1-6 0-8 
[Bu,Hg] (10-m) ........000000 4-0 3-6 3-2 2-8 2-4 1-6 0-8 
[BuHgBr] (10-'m) ............ 0-0 0-8 1-6 2-4 3-2 4:8 6-4 
PEE seiaticsmshindesetntaes 0-168 0-202 0-230 0-267 0-303 0-382 0-452 


Note: The concentrations refer to the synthetic mixtures before their addition to the dithizone 
solution. 


Cyg is theoretically connected with that of the dithizone Cp;, and the absorption reading 4, 
by the linear relation Cgz = a{Cp; — (A/e)}, where « is the extinction coefficient of dithizone 
and a is a constant. Obviously, a change in Cp; will not affect the proportionality constant 
—a/e. Because the concentrations of our dithizone solutions were not the same at the time of 
construction of a calibration graph as when used to follow a run which the graph was to help 
us interpret, the apparent concentrations Cgg applying to the run, as read from the graph, 
were all subject to a constant correction. This was so determined as to give the correct initial 
value of Cy, when the readings were extrapolated to zerotime. Anillustration of this procedure 
is included in Table 2. 

The rate-constants are included in Table 5 of a number of kinetic runs, followed by the 
dithizone method, of the reaction with di-s-butylmercury of mercuric bromide in the presence 
of lithium bromide in acetone. Only that part of the concentration of mercuric bromide which 
was in excess of the lithium bromide was estimated by the dithizone method. In these 
experiments, the calibration plots were curved, and therefore the calibration for a run had to be 
prepared immediately before the run, in order that the concentration of the dithizone solution 
should be similar for both. 

(6d) Kinetics by the Sulphide Method.—The estimation of inorganic mercury(11) in aqueous 
solution absorptiometrically as sulphide, produced as a clear colloid, was adapted for use in the 
presence of organic mercury compounds and organic solvents in two ways. 

In the first, a solution of hydrogen sulphide in boiled-out distilled water (20 ml.) was added 
to ethanol (50 ml.) and 5% aqueous gum arabic (2 ml.). This solution was added to samples 
providing a concentration of inorganic mercury of 8 x 10™m or less, and absorption readings 
were taken after 20 min. on a Spekker spectrophotometer with a yellow filter (maximum trans- 
mission, 580 my). A calibration curve was first constructed; this was used to interpret 
readings taken duringarun. This technique was applied to each of the runs marked S in Tables 
4 and 5. The method was somewhat crude in this application, our calibration plots being 
curved. 

In the second, and, where applicable, more satisfactory method, more dilute mercury solutions 
were used, the gum arabic was omitted, and the proportion of ethanol in the solvent was 
increased. Toa solution (1 ml.) of hydrogen sulphide, prepared by diluting a saturated aqueous 
solution (25 ml.) with boiled-out distilled water (75 ml.), a synthetic or kinetic mercury solution 
in ethanol (5 ml.) was added, and, after 35 min., the absorption was measured. The calibration 
curves were now linear, the concentration of inorganic mercury being directly proportional to 
the absorption reading. This method was applied to the runs in Tables 6, 7, and 8. 

The low temperature, —46-6°, used with mercuric nitrate was maintained by means of a 
mixture of liquid and frozen acetonitrile in a Dewar flask, in which ethanol (46 ml.), a 0-01M- 
solution in ethanol of mercuric nitrate, and a 0-01m-solution in ethanol of di-s-butylmercury 
were separately cooled for 1-5 hr. 2 ml. of the mercuric nitrate solution were then added to the 
ethanol, and reaction was started by the addition of 2 ml. of the solution of di-s-butylmercury. 
The withdrawn samples (5 ml.) were run into the hydrogen sulphide solution (0-5 ml. in Run 51, 
and 1-0 ml. in run 57). A jacketed pipette was used, the temperature of the inner tube of 
which was controlled by surrounding it with ethanol cooled with solid carbon dioxide. 


WILLIAM RAMSAY AND RALPH ForSTER LABORATORIES, 
University CoLLeGE, GowER St., Lonpon, W.C.1. (Received, January 5th, 1959.) 
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507. <A Stereoselective Synthesis of Squalene. 
By J. W. CornrortH, (Mrs.) R. H. CornrortH, and K. K. MATHEW. 


A recent! synthesis of olefins has been applied to the synthesis of 
squalene; no separation of geometrical isomers was necessary before the final 
stage. The three materials contributing carbon to the structure were methyl 
bromide, diketen, and 3,5-dichloropentan-2-one. 


INTEREST in squalene (I), originally known only as a constituent of some fish-liver oils, 
was revived by the demonstration ? that the hydrocarbon is an intermediate in biosynthesis 
of cholesterol (and probably of steroids and triterpenoids in general). Nicolaides and 
Laves * showed, by X-ray crystallographic analysis of a clathrate with thiourea, that the 
hydrocarbon obtained from natural sources is largely the all-trans geometrical isomer; 
and since no other isomer has yet been detected it seems appropriate to follow Dicker and 
Whiting ‘ in reserving the name “ squalene ”’ for this isomer. 

Two methods have been used successfully for the synthesis of squalene: the coupling of 
farnesyl bromide »* and the Wittig-Schéllkopf reaction between geranylacetone and a 
phosphorane from 1,4-dibromobutane.?48 Each method originally gave a mixture of 
Cz) hydrocarbons; refinements of procedure later permitted the separation of squalene as 
the clathrate in thiourea. 

We now describe a third method, based on an olefin synthesis already reported; * the 
Co skeleton is constructed according to the preferred scheme: 2(1 + 5 + 5) + (6+ 3) = 
30. The most important intermediate is 3,5-dichloropentan-2-one (III), which supplies 25 
of the 30 carbon atoms. This ketone has previously been reported ® to be formed from 
a-acetyl-«-chlorobutyrolactone (II) and hydrochloric acid in acetic acid. 

The ketone with methylmagnesium bromide gave the alcohol (IV) in 94% yield. This 
reaction had been tried before; #* no pure product was obtained, but reaction conditions 
were different and the dichloropentanone was itself impure. Dr. L. Crombie ™ states 


Me Me Me Me 
Mex | | | | fre 
C=CHCH,CH,C=CH-CH,CH,-C=CH-CH,-CH,-CH=C-CH,-CH,CH=C—CH,-CH,-CH=C 
Me () \Me 
Acy. 
Sc——co 
ci’ | | Me*CO*CHCI*CH,*CH,CI 
H.C O 
~~ (III) . 
(II) CH, 
a Cl a 
Me es §'\ Me 
SC—CH-CHy CHCl Nc ccc, Cl NC=CH:CH,CH,CI 
Me“ Me” Me 
(IV) (V) (VI 


that the b. p. given for 3,5-dichloropentan-2-one is presumably in error (it does not agree 
with later values 1 from the same laboratory). The chlorohydrin readily afforded an 
epoxide (V) which was reduced by sodium iodide and zinc in acetic acid-sodium acetate to 


Cornforth, Cornforth, and Mathew, J., 1959, 112. . 
Langdon and Bloch, J. Amer. Chem. Soc., 1952, '74, 1869; J. Biol. Chem., 1953, 200, 135. 
Nicolaides and Laves, ]. Amer. Chem. Soc., 1954, 76, 2596. 
Dicker and Whiting, /., 1958, 1994. 
Karrer and Helfenstein, Helv. Chim. Acta, 1931, 14, 78. 
Isler, Riiegg, Chopard-dit-Jean, Wagner, and Bernhard, Helv. Chim. Acta, 1956, 39, 897. 
Trippett, Chem. and Ind., 1956, 80. 
Mondon, Annalen, 1957, 608, 115. 
Yoshida and Unoki, J. Pharm. Soc. Japan, 1952, 72, 1431. 
10 (a) Crombie, Harper, and Stokes, J., 1955, 4488; (b) Crombie, personal communication; (c) 
Crombie, Manzoor-i-Khuda, and Smith, J., 1957, 479. 
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5-chloro-2-methylpent-2-ene (VI). This method of reduction was appropriate since 
geometrical isomerism is not possible in (VI). 

A second five-carbon unit was then added. The lithium alkenyl from the chloride (VI) 
reacted with 3,5-dichloropentan-2-one to give the chlorohydrin (VII), from which the 
epoxide (VIII) was prepared. Reduction, via the iodohydrin, by our stereospecific process * 
using stannous chloride and phosphoryl chloride in pyridine, led to 9-chloro-2,5-dimethyl- 
nona-2,5-diene (IX). From the method of preparation this would be expected to consist 
largely (ca. 80°) of the ¢vans-isomer, homogeranyl chloride. 

Me Me 
my, Me o 
ee =CH+CH4*CHy*C(OH)*CHCICHg°CH,Cl = DRCH CHa CHE ——§CH CH CHC 


(VII (VIIT) 
Me 


Me 
(TX) NC=CH+CHy'CH,C=CH'CH,'CH, Cl 
Me~ 


In earlier experiments, the corresponding bromide (X), also predominantly in the ¢rans- 
form, was prepared by a different method. The starting point was homogeranic acid (XI), 
prepared by dehydration of the hydroxyimino-acid (XII) to geranyl cyanide (XIII), which 
was hydrolysed by alkali." The hydroxyimino-acid (XII) was reported ™™ to exist in 
two forms, m. p. 138—139° (128—130°) and 102° (100°), the lower-melting form being 
obtained by repeated crystallization of the other. It was suggested ™ that these were 
syn- and anti-oximes; but we find the higher-melting form to be a 1 : 1 complex of the acid 
(XII) and its sodium salt. 


Me 
Me | (X) X = CH,Br (XIII) X = CN (XVI) X = CO*NH-OH 
C=CH*CHy'CHyC=CH*CH,X (XI) X = CO,H (XIV) X=NH, (XVII) X= CH,OH 
Me~ (XII) X = C(IN-OH)°CO,H (XV) X = CO*NH, 


Homogeranic acid (XI) was recrystallized at low temperatures, the highest melting 
point attained being —13°. About 60% of the acid was crystallizable. That the 
crystalline acid was largely the ¢vans-isomer was shown by a transformation to geranyl- 
amine (XIV) by means of reagents which would not be expected to disturb the position or 
geometry of the double bonds. Methyl homogeranate (from the acid and diazomethane) 
with ammonia gave homogeranamide (XV) (higher m. p. than recorded ") and this with 
hydroxylamine hydrochloride gave the crystalline hydroxamic acid (XVI) which was also 
obtained directly from methyl homogeranate in 50% yield. The barium salt of the 
hydroxamic acid, when heated with gypsum, gave geranylamine, identified as geranylurea."* 
The trans-geometry of geranylamine hydrochloride has been determined * by X-ray 
crystallography. 

Homogeranic acid was reduced by lithium aluminium hydride to homogeraniol (XVII), 
from which homogeranyl bromide (X) was prepared by the consecutive action of toluene-p- 
sulphonyl bromide in pyridine and of lithium bromide in acetone. 

Three methods were used to obtain the 3,6-dichloro-octane-2,7-dione (XVIII) which 
provided the eight central carbon atoms of squalene. (1) 3,5-Dichloropentan-2-one was 
converted into the ethylene ketal (XIX). The chlorine atom at position 3 was thereby 
inactivated, so that treatment with sodium iodide in butanone gave a preparation consist- 
ing essentially of the iodide (XX). With t-butyl sodioacetoacetate this gave a crystalline 
ester (XXI), which was chlorinated. The product (XXII) was hydrolysed by hydro- 
chloric acid to the dichloro-diketone (XVIII), obtained as a mixture of a solid and a liquid 

11 Barnard and Bateman, /J., 1950, 926. 

18 King and Grundon, J., 1950, 3547. 


18 Forster and Cardwell, J., 1913, 108, 1342. 
M Jeffrey, Proc. Roy. Soc., 1945, A, 188, 388; Cruickshank and Jeffrey, Acta Cryst., 1954, 7, 646. 
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stereoisomer. This method was the best of the three. When the chlorinated ester (XXII) 
was heated in benzene with toluene-p-sulphonic acid an unstable product, largely the mono- 
ketal (XXIII), was obtained. 


H,c——CH, 
CO,But 
Me*CO*CHCI*CH4*CH,*CHCI*COMe o eo | ] 
Me*CO*CX—-CH,- 
(XVII) Me-C—CHCI*CHy°CH,X 
(XIX) X= Cl (XXIV) X=H 
(XX) X=! (XXV) X= Cl 
[CleCO*CHCI*CH,~]¢ (XXII) X = CH(COMe)CO,But 
(XXIT) X = CCi(COMe)CO,But 
(XXVI) (XXIII) X = CHCIlhCOMe 


(2) Condensation of t-butyl sodioacetoacetate with ethylene dibromide gave a small 
yield (15%) of t-butyl diacetyladipate (XXIV); this was chlorinated and the product 
(XXV) was hydrolysed. 

(3) Dichloroadipoyl chloride (XXVI) gave the required dichloro-diketone (XVIII) 
with dimethylcadmium, but the yield was poor and the product impure. 

The preparation of squalene from homogeranyl-lithium (from IX or X) and the dichloro- 
octanedione was carried through, without isolation of intermediates, via the chlorohydrin 
(XXVII), the epoxide (XXVIII), and the iodohydrin (X XIX), which was reduced by the 
stereospecific procedure. When the hydrocarbon fraction was treated with thiourea, 
18—20% entered a clathrate. From the complex, squalene was obtained; its infrared 
spectrum was essentially identical with that of purified natural material and with the two 
published spectra *® of synthetic squalene. 

If the expected stereoselectivity (ca. 80° for each double bond) was obtained in this 
synthesis, the product could have contained ca. 40°, of all-trans-isomer. With a stereo- 
selectivity of 70% trans, 24°% of all-trans-isomer would be expected. Since even pure 
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squalene does not form a thiourea clathrate quantitatively (70—80% is the usual recovery), 
and a lower recovery would be expected from less pure material, a stereoselectivity higher 
than 70% was presumably reached. 
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Some orienting experiments on the condensation of n-butyl-lithium with 3,5-dichloro- 
pentan-2-one and with 5-acetoxy-3-chloropentan-2-one are recorded below. The chloro- 
hydrins (XXX) and (XXXI) and the epoxide (XXXII) were prepared. 


OH Cl O 

(XXX) X= Cl Mex | | Me A~\ 
(XXXI) X = OAc C—CH'CH,°CH,X ———CH'CH,CH,CI (XXXII) 
Bu®. Bus~ 


EXPERIMENTAL 


3,5-Dichloropentanone (III).—This was prepared * from «-acetyl-«-chlorobutyrolactone and 
redistilled through a 12’° Widmer column; it was a colourless liquid, b. p. 76°/15 mm., ae 
1-4670 (Found: C, 39-0; H, 5-2; Cl, 46-0. Calc. for C;H,OCI,: C, 38-8; H, 5-2; Cl, 458%), 
and did not darken on storage. 

3,5-Dichloro-2-methylpentan-2-ol (IV).—Methylmagnesium bromide, from magnesium (24-3 
g.) and methyl bromide (62 ml.) in ether (500 ml.), was cooled to — 70° and stirred during addition 
(10 min.) of 3,5-dichloropentan-2-one (104 g.) in ether (100 ml.). After a further 10 min. acetic 
acid (65 ml.) in ether (100 ml.) was added. The mixture was brought to room temperature and 
stirred with water (300 ml.). The aqueous layer was washed once with ether which was 
combined with the ether layer, washed with aqueous sodium hydrogen carbonate, dried (MgSO,) 
and distilled. 3,5-Dichlovo-2-methylpentan-2-ol (109 g.; b. p. 92—96°/15 mm.) had b. p. 94— 
95°/15 mm. on redistillation (Found: C, 42-3; H, 7-3; Cl, 41-3. C,H,,OCIl, requires C, 42-1; 
H, 7-1; Cl, 41-5%). 

5-Chlovo-2,3-epoxy-2-methylpentane (V).—The above chlorohydrin (109 g.) in methanol 
(100 ml.) was treated gradually at 0° with well-cooled methanolic 2-15N-potassium hydroxide 
(310 ml.). After 4 hr. without further cooling, 1 equiv. of alkali had been consumed; water 
(1 1.) was then added. Three extractions with ether, which was dried (CaCl,) before evapor- 
ation, and distillation gave the epoxide (81 g.), b. p. 52—56°/15 mm. On redistillation 5-chloro- 
2,3-epoxy-2-methylpentane had b. p. 53—54°/15 mm., m,*5 1-4358 (Found: C, 53-6; H, 8-4; Cl, 
25-7. C,H,,OCI requires C, 53-5; H, 8-2; Cl, 26-4%). 

5-Chlovo-2-methylpent-2-ene (VI).—(a) The above epoxide (81 g.) was added during 25 min. 
to a stirred, ice-cooled mixture of sodium iodide (90 g.), sodium acetate (15 g.), zinc powder 
(150 g.), and acetic acid (400 ml.). After 14 hr. the zinc was removed and washed with acetic 
acid and ether. Water (1 1.) was added to the filtrate which was extracted thrice with ether. 
The extract was neutralized at —20° by concentrated potassium hydroxide solution, washed 
with water, dried (CaCl,), and distilled through a 12’ Widmer column, finally under reduced 
pressure. The isopentenyl chloride (50-5 g.) had b. p. 80—82°/130 mm., 134°/750 mm., ,?° 
1-4458 (Found: C, 60-8; H, 9-5; Cl, 29-6. Calc. for C,H,,Cl: C, 60-7; H, 9-3; Cl, 29-9%). 
(b) The epoxide (2 g.) was added at —20° to propionic acid (10 ml.) containing sodium iodide 
(4 g.), sodium acetate (0-4 g.), and acetic acid (4 ml.). After 4 hr. at —20° the mixture was 
poured into excess of aqueous sodium hydrogen carbonate overlaid by ether. The ether extract 
was dried (MgSO,) and evaporated. The iodohydrin (3-5 g.) was added to a cooled solution of 
anhydrous stannous chloride (4 g.) in pyridine (20 ml.). After addition of phosphoryl chloride 
(1-1 ml.) in pyridine (3 ml.) the mixture soon solidified; after 1 hr. water (50 ml.) was added and 
the mixture distilled so long as oil came over. The distillate (20 ml.) was neutralized by 3n- 
hydrochloric acid. The oil was separated, dried, and’ distilled to give the isohexenyl chloride 
(1-3 g.), b. p. 132—135°. 

1,3-Dichloro-4,8-dimethylnon-7-en-4-ol (VII).—Lithium (2-5 g.; thin strips freshly cut) and 
ether (200 ml.) under nitrogen were stirred during the slow addition of 5-chloro-3-methylpent- 
2-ene (21 g.) in ether (100 ml.); when reaction began, a cooling bath (—20°) was applied. Stir- 
ring was continued at —15° until nearly all the lithium had reacted (2 hr.). To the solution at 
— 170°, 3,5-dichloropentan-2-one (22 g.) in ether (100 ml.) was added (5 min.). Ten minutes 
later the Gilman test was negative; acetic acid (16 ml.) in ether was added and the mixture was 
treated as in the preparation of 3,5-dichloro-2-methylpentan-2-cl (above), the chlorohydrin 
(22 g.) distilling at 78—85°/0-005 mm. A redistilled specimen of the 1,3-dichloro-4,8-di- 
methylnon-7-en-4-ol had b. p. 70—72°/0-001 mm. (Found: C, 55-0; H, 8-2; Cl, 30-3. C,,H, OCI, 
requires C, 55-2; H, 8-4: Cl, 29-7%). When magnesium was used instead of lithium, little of 
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the desired product was obtained; there was extensive reduction of the ketone by the Grignard 
reagent. 

9-Chloro-6,7-epoxy-2,6-dimethylnon-2-ene (VIII).—The above chlorohydrin (22 g.) was 
treated with methanolic 1-1N-potassium hydroxide as in the preparation of 5-chloro-2,3-epoxy- 
2-methylpentane (above). The product, a colourless pleasant-smelling liquid (17-4 g.), had, 
after redistillation, b. p. 124—125°/15 mm. n,,”* 1-4668 (Found: C, 65:3; H, 9-6; Cl, 17-6. 
C,,H,,OCI requires C, 65-2; H, 9-5; Cl, 17-5%). 

9-Chlovo-2,6-dimethylnona-2,6-diene (Homogeranyl Chloride) (IX).—The above epoxide (12 g.) 
was added to a cold (— 30°) solution of sodium iodide (28 g.) and sodium acetate (3 g.) in a mix- 
ture of acetic acid (30 ml.) and propionic acid (80 ml.). After 2 hr. at —20° and 1 hr. at — 10° 
the mixture was poured into excess of aqueous sodium hydrogen carbonate covered by ether. 
The ether, after being decolorized by sodium hydrogen sulphite, was dried (MgSO,) and evapor- 
ated at low pressure. To the iodohydrin (18-6 g.) was added anhydrous stannous chloride 
(20 g.) in dry pyridine (80 ml.). Phosphoryl chloride (5 ml.) in pyridine (20 ml.) was added 
slowly to the ice-cooled mixture, which became clear and then solidified. After 1 hr. ether 
(300 ml.) was added and after trituration the solid was collected and washed with ether. The 
ice-cooled ethereal filtrate was acidified (Methyl Orange) with dilute hydrochloric acid, washed 
with water, treated with water and small quantities of iodine until excess of iodine indicated 
that all phosphorus had been destroyed, washed with alkaline (Na,CO,) sodium thiosulphate 
and with water, dried (CaCl,), and evaporated. Distillation gave the product (9-6 g., 86% calc. 
on epoxide), b. p. 105—110°/17 mm. Redistilled through a short column, the 9-chloro-2,6-di- 
methylnona-2,6-diene had b. p. 106—107°/17 mm., ,,”* 1-4740 (Found: C, 70-7; H, 10-3; Cl, 
18-9. C,,Hy,Cl requires C, 70-8; H, 10-2; Cl, 19-0%). 

Homogeranic Acid (X1).—The method of Barnard and Bateman was found more convenient 
than that of King and Grundon. ‘‘ Meranol”’ geraniol from A. Boake Roberts & Co. needed no 
purification before use; it was converted into geranyl chloride, geranylmalonic ester, and 
«-hydroxyiminogeranylacetic acid essentially as described. The “‘ higher-melting form ”’ of the 
hydroxyimino-acid, m. p. 132—133° (from acetone), was found by titration and by qualitative 
test for sodium to be an approximately equimolecular complex of the acid and its sodium salt; 
it was, however, suitable for the preparation™ of geranyl cyanide. This nitrile was 
hydrolysed 11 to homogeranic acid, which was crystallized twice from light petroleum (b. p. 40— 
60°) at —70° and then had m. p. —13° to —14°. This acid was correlated with 1-amino-3,7-di- 
methyl-2-tvans-octa-2,6-diene (geranylamine) as follows: The acid (1 g.) was esterified by 
ethereal diazomethane, and the ester was left for 4 days with saturated methanolic ammonia 
(10 ml.). Light petroleum (b. p. 40—60°) and water were added and the crystalline product 
(homogeranamide) (XV) (0-43 g.) was collected; it had m. p. 64—65° before and after crystalliz- 
ation from light petroleum (b. p. 40—60°). This product (318 mg.) and hydroxylamine hydro- 
chloride (140 mg.) in ethanol (2 ml.) were kept in a sealed tube at 37° for 6 days. The product 
was separated from unchanged amide by extraction from ethereal solution by aqueous sodium 
hydroxide; acidification then gave N-(4,8-dimethylnona-3,7-dienoyl)hydroxylamine ([homo- 
gevanylhydroxamic acid) (XVI), which formed long needles, m. p. 75°, from light petroleum 
(b. p. 60—80°) (Found: C, 67-4; H, 9-8; N, 6-95. C,,H,gO,N requires C, 67:0; H, 9-65; N, 
7-1%). The substance gave an intense red colour with ferric chloride. The hydroxamic acid 
(500 mg.) in a little ethanol was added to aqueous barium hydroxide (1 equiv.). The mixture 
was evaporated at low pressure; the dried residue was heated carefully with powdered gypsum 
(1 g.) at 15 mm. with a free flame until visible reaction ceased. The basic product (243 mg.), 
separated from the distillate by means of acid, alkali, and ether, was dissolved in N-hydrochloric 
acid (1-6 ml.) and treated with a slight excess of potassium cyanate. After 36 hr. the solid 
product was collected and recrystallized from aqueous acetone. The long white needles 
(197 mg.) had m. p. 82° (Found: N, 14-1. Calc. for C,,H,,ON,: N, 14:3%); a mixture with 
geranylurea, m. p. 83°, prepared from authentic geranylamine, had m. p. 82—83°. 

4,8-Dimethylnona-3,7-dien-1-ol (Homogeraniol) (XVII).—Homogeranic acid (25 g.; m. p. 
— 15°) in dry ether (300 ml.) was added dropwise at room temperature to a stirred suspension of 
lithium aluminium hydride (7-5 g.) in ether (400 ml.)._ After 21 hr. water (15 ml.) was added in 
small portions and after a further 24 hr. the solid was removed and washed with warm ether. 
The ethereal solution on distillation gave 4,8-dimethylnona-3,7-dien-1-ol (21-5 g.), b. p. 124— 
126°/17 mm., ,** 1-4722 (Found: C, 78-5; H, 12-2. C,,HggO requires C, 78-6; H, 11-9%); 
it was a colourless oil, much less odorous than geraniol. The 3,5-dinitvobenzoate crystallized 
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from acetone in light yellow prisms, m. p. 30—31° (Found: N, 7-7. C,,H,,O,N, requires 
N, 7:7%). 

9-Bromo-2,6-dimethylnona-2,6-diene (Homogeranyl Bromide) (X).—Homogeraniol (27-5 g.) in 
dry pyridine (110 ml.) was stirred and cooled in ice during the addition (20 min.) of toluene-p- 
sulphonyl bromide (53 g.). After a further 20 min. in ice and 20 min. without cooling, the ice- 
bath was replaced and water was added until the solid precipitate dissolved. After 5 min. the 
mixture was poured into ice-cold 2N-sulphuric acid (850 ml.) and extracted thrice with ether 
which was then washed with water and evaporated at low pressure. The residue (53 g.) was 
stirred and boiled under reflux for 2 hr. with lithium bromide (40 g.) in acetone (240 ml.). 
Distillation in steam and extraction of the distillate with ether gave 9-bromo-2,6-dimethylnona- 
2,6-diene (36 g.), b. p. 64°/0-4 mm., ,** 1-4952 (Found: C, 57-4; H, 8-6; Br, 34-0. C,,H, Br 
requires C, 57-1; H, 8-3; Br, 34-6%). 

t-Butyl Acetoacetate.—T-butyl alcohol (74 g.) and triethylamine (1 ml.) were heated under 
reflux (bath 90°) with stirring during addition of diketen (84 g.) at such a rate that the internal 
temperature remained below 100° (1-5 hr.). After 30 min. more, the product was cooled, united 
with the reaction mixture from a duplicate run, diluted with ether, washed with water, sodium 
hydrogen carbonate solution, and again water, dried (MgSO,), and distilled, to give the ester 
(295 g., 93%), b. p. 78—80°/16 mm. (Found: C, 60-5; H, 8-9. Calc. for CgH,,0,: C, 60-8: H, 
8-9%,). The yield, which was still 90% on twice the scale, is somewhat superior to that obtained 
by Treibs and Hintermeier. 

2-(1,3-Dichloropropyl)-2-methyl-1,3-dioxolan (XIX).—3,5-Dichloropentan-2-one (15-5 g.), 
ethylene glycol (6-5 ml.; redistilled), toluene-p-sulphonic acid (55 mg.), and dry toluene (20 ml.) 
were boiled under a Dean-Stark water-separator for 4 hr., and then for 2 hr. after addition of 
ethylene glycol (2 ml.). The cooled mixture was diluted with ether, washed as above, dried 
(MgSO,), and distilled, to give a fraction (12—16 g.), b. p. 110—120°/15 mm. Redistillation 
afforded the dioxolan, b. p. 116—118°/15 mm. (Found: C, 42-3; H, 5-8; Cl, 35-1. C,H,,0,Cl, 
requires C, 42-2; H, 6-0; Cl, 35-7%). The lower fractions from several runs were treated again 
with ethylene glycol, the final yield of ketal being 90%. 

t-Butyl «-Acetyl-8-chloro-8-(2-methyl-1,3-dioxolan-2-yl)valerate (XXI).—The_ chloro-ketal 
(XIX) (25 g.) was boiled with sodium iodide (45 g.) in butanone (400 ml.) for 24 hr. The 
filtered solution was concentrated under slightly reduced pressure, diluted with ether, washed 
with 0-1N-sodium thiosulphate, water, and aqueous sodium chloride, dried (MgSO,), and distilled. 
The product (32-2 g.), b. p. 70—76°/0-005 mm., was not the pure (XX) (Found: C, 30-9; H, 
4-4; I, 38-1. Calc. for C;H,,0,CII: C, 28-9; H, 4-1; I, 43-7%) but was suitable for the next 
step. After redistillation (b. p. 70—71°/0-001 mm.) the second of the two equal fractions 
collected contained 40-6% of iodine. 

Sodium (2-3 g.; finely sliced) was dissolved in boiling t-butyl alcohol (80 ml.), and t-butyl 
acetoacetate (21 g.) followed by crude 2-(1-chloro-3-iodopropyl)-2-methyl-1,3-dioxolan (32 g.) 
were added. The mixture was stirred at the b. p. for 24 hr., cooled, neutralized with acetic 
acid, diluted with ether, washed with water, aqueous sodium hydrogen carbonate, and water 
again, dried (MgSO,), and distilled. The product (25 g.; b. p. 116—118°/0-01 mm.) was nearly 
pure (Found: C, 55-8; H, 7-5; Cl, 11-2%) but was later found to contain a little phenolic 
material which was extractable by 2N-sodium hydroxide. 

A sample of the ester (20-3 g.) became largely crystalline after some weeks and the solid 
(12-5 g.; m. p. 64—66°) was recovered by washing with light petroleum (b. p. 40—60°). 
Recrystallization from the same solvent gave the ketal ester (X XI) in prisms, m. p. 65—66° 
(Found: C, 56-3; H, 7-9; Cl, 10-9. C,;H,,0,Cl requires C, 56-2; H, 7-8; Cl, 11:1%). This 
was evidently a keto-form as the ferric reaction was weak and slow to develop. 

t-Butyl a-A cetyl-a8-dichloro-8-(2-methyl-1,3-dioxolan-2-yl)valerate (XXII).—The crystalline 
ester (X XI) (6-4 g.) in acetic acid (20 ml.) containing acetic anhydride (1 ml.) and powdered 
anhydrous potassium acetate (4 g.) was treated with a solution (21-2 ml.) of chlorine (1-63 g.) in 
carbon tetrachloride and shaken intermittently in a stoppered flask. After several hours the 
mixture was poured into excess of aqueous sodium carbonate, and the product, recovered by 
extraction with ether, was purified by flash-distillation in a high vacuum. The colourless 
t-butyl ester (XXII) (6-65 g.) had b. p. 120—124°/0-03 mm. (Found: C, 50-9; H, 6-9; Cl, 20-4. 
C,;H,,0,Cl, requires C, 50-7; H, 6-8; Cl, 20-0%). This ester could be used without distillation. 

3,6-Dichloro-6-(2-methyl-1,3-dioxolan-2-y4) hexan-2-one (XXIII).—This compound was never 

18 Treibs and Hintermeier, Chem. Ber., 1954, 87, 1163. 
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obtained pure. A solution of the dichloro-ester (XXII) (3-0 g.) in dry benzene (30 ml.) contain- 
ing toluene-p-sulphonic acid (75 mg.) was boiled for 80 min., cooled, diluted with ether, washed 
with sodium hydrogen carbonate solution and water, dried (MgSO,), and flash-distilled to give 
1-65 g. of material, b. p. 88—96°/0-01—0-1 mm., and a black residue. Redistillation, again 
attended by some decomposition, gave 1-2 g. of ketone, b. p. 74—82°/0-001—0-02 mm. (Found: 
C, 48-2; H, 6-7; Cl, 26-5. Calc. for C,,H90,Cl,: C, 47-1; H, 6-3; Cl, 27-8%). This compound 
after several weeks changed to a black oil containing crystals, which were isolated by washing 
them with ether and ethanol and recrystallized from ethanol (charcoal). The colourless crystals, 
m. p. 151°, were shown by analysis to be 1,4-dichloro-1,4-di-(2-methyl-1,3-dioxolan-2-yl)butane 
(Found: C, 48-4; H, 6-7; Cl, 23-4. C,,H,.O0,Cl, requires C, 48-2; H, 6-7; Cl, 23-7%). 

t-Butyl 2,5-Diacetyladipate (XXIV).—Sodium (11-6 g.; thin slices) dissolved during 7 hr. in 
boiling t-butyl alcohol (400 ml.). To the cooled mixture t-butyl acetoacetate (80 g.) was added 
fairly rapidly. After addition next of ethylene dibromide (50 g.) the mixture was stirred and 
boiled overnight, cooled, neutralized with acetic acid (2—3 ml.), filtered, and concentrated at 
250 mm. (bath 70°). The residue in ether was washed with aqueous sodium hydrogen carbonate 
and brine, dried (MgSO,), and distilled. <A fraction (39-5 g.) containing t-butyl l-acetylcyclo- 
propane-l-carboxylate and t-butyl acetoacetate was collected below 70°/0-5 mm.; the residue 
(23 g.) was dissolved in ether, washed four times with 2N-sodium hydroxide and once with 
saturated aqueous sodium chloride, dried (MgSO,), and recovered. It (23 g.) crystallized from 
2 parts of acetone at —70°. The product (13-4 g.; m. p. 63°) was collected next day, washed 
with cold methanol, and dried. Recrystallization from light petroleum gave t-butyl 2,5-diacetyl- 
adipate, m. p. 72° (Found: C, 62-9; H, 8-8. C,,H 0, requires C, 63-2; H, 8-8%). M. p.s 
ranging from 50° to 90° were observed in different experiments and were attributed to 
tautomerism. 

Benzyl 2,5-Diacetyladipate—Ethyl 2,5-diacetyladipate (19-25 g.; prepared according to 
Perkin 1*) was heated for 6 hr. at 180—185°, ethanol being allowed to distil. After concentration 
at low pressure the residue was distilled in steam to remove traces of benzyl alcohol; then ether 
was added and the solution was washed with sodium hydrogen carbonate solution and water, 
dried (MgSO,), and evaporated, finally at 100°/15 mm. The residue consisted essentially of 
benzyl 2,5-diacetyladipate (Found: C, 70-6; H, 6-8. C,,H,,O, requires C, 70-2; H, 63%). 
A “ di-imide,” 2,7-diamino-3,6-di(benzyloxycarbonyl)octa-2,6-diene, prepared by keeping the 
ester in ethanolic ammonia for 2 days, crystallized from dioxan in prisms, m. p. 189—192° 
(Found: C, 70-9; H, 7-0; N, 6-9. C,,H,,0,N, requires C, 70-6; H, 6-9; N, 6-9%); from this, 
the keto-ester was regenerated by dissolution in a little concentrated hydrochloric acid, dilution 
with water, and warming to 50°. 

t-Butyl 2,5-Diacetyl-2,5-dichloroadipate (XXV).—Acetic acid (96 ml.) containing sodium 
acetate trihydrate (20 g.) was saturated with chlorine (6-1 g.). T-butyl diacetyladipate (13-9 g.) 
was added and the mixture was shaken intermittently in a stoppered flask for 4 hr. The 
mixture, still containing a little chlorine, was diluted with water dnd extracted with ether, 
which was washed thrice with water (250 ml.), then with aqueous sodium hydrogen carbonate 
until neutral, and finally with water. The dried (MgSO,) extract was evaporated and the 
residue (16-95 g.) taken up in light petroleum (b. p. 40—60°). After some hours the crystals 
(7-65 g.; m. p. 112—115°) were collected and the filtrate was distilled, to give 8-4 g. of product, 
b. p. 118—122°/0-03 mm. The crystalline t-butyl 2,5-diacetyl-2,5-dichloroadipate recrystallized 
from light petroleum (b. p. 40—60°) or ether and then had m. p. 117—119° (Found: C, 52-8; H, 
7:0; Cl, 16-9. C,,H,,0,Cl, requires C, 52-6; H, 6-8; Cl, 17-°3%). The liquid ester was less 
pure (Found: C, 53-4; H, 7-1; Cl, 15-9%). 

Ethyl 2,5-Diacetyl-2,5-dichloroadipate-—This was prepared by addition of sulphuryl chloride 
(10 g.) to ice-cooled ethyl diacetyladipate (10 g.); the mixture was heated for 15 min. at 100’, 
cooled, diluted with ether, washed as usual, dried (MgSO,), and distilled. The product, b. p. 
132°/0-01 mm., partially crystallized; recrystallization from light petroleum (b. p. 40—60°) 
gave one isomer of the dichloro-ester as prisms, m. p. 66—68° (Found: C, 47-4; H, 5-8; Cl, 
20-4. C,,H,,O,Cl, requires C, 47-3; H, 5-6; Cl, 20-0%). This ester proved highly resistant to 
hydrolysis by acid. 

3,6-Dichloro-octane-2,7-dione (XVIII).—(a) Crystalline t-butyl diacetyldichloroadipate (11 
g.), toluene-p-sulphonic acid (290 mg.), and dry benzene (100 ml.) were boiled under reflux until 
evolution of gas was slight (1-5 hr.), cooled, washed with aqueous sodium hydrogen carbonate 

16 Perkin, J., 1890, 57, 215. 








2546 Cornforth, Cornforth, and Mathew: 


and water, dried (MgSO,), and distilled. The product (5-45 g.), b. p. 64—74°/0-03—0-06 mm., 
was dissolved in ether and cooled to —70°. After 1 hr. the crystals (1-5 g.; m. p. 70—72°) were 
collected; recrystallization from light petroleum (b. p. 60—80°) gave the crystalline dichloro- 
diketone, m. p. 77° (Found: C, 45-7; H, 5-6; Cl, 34-1. C,H,,0,Cl, requires C, 45-5; H, 5-7; 
Cl, 33-7%). The liquid isomer was recovered from the ethereal mother-liquor (Found: C, 45-9; 
H, 5:9; Cl, 33-4%). 

(b) Liquid t-butyl diacetyldichloroadipate (7-5 g.) was treated similarly to give 2-3 g. of 
diketone, b. p. 50—65°/0-005—0-2 mm., from which solid (0-6 g.) and liquid isomers were 
obtained as before. 

(c) Crystalline t-butyl diacetyldichloroadipate (4 g.) was boiled with ethanol (30 ml.) and 
hydrochloric acid (30 ml.; d 1-18) for l hr. The cooled, nearly colourless solution was diluted 
with water, and the product, recovered by means of ether, was distilled to give 1-95 g., b. p. 
65—75°/0-01 mm., from which the crystalline (0-67 g.) and the liquid isomer were obtained 
(Found, for liquid isomer: C, 45-9; H, 5-9; Cl, 33-8%). 

(d) The liquid dichloro-ester (7-5 g.) was decarboxylated similarly to give, from a dark 
reaction mixture, somewhat impure diketone (2-0 g.) and thence the crystalline isomer (0-6 g.). 

(e) The ester (XXII) (7-2 g.; crude product from chlorination) was hydrolysed as above 
with ethanol (35 ml.) and hydrochloric acid (35 ml.). The product (3-15 g.), b. p. 60— 
70°/0-005 mm., gave the solid isomer (0-9 g.) and the liquid isomer as before. 

(f) Crystalline 2;5-dichloroadipic acid (17-2 g.) was warmed for } hr. with phosphorus penta- 
chloride (35 g.) in chloroform (30 ml.). The solvent and phosphoryl chloride were removed at 
low pressure and a final temperature of 110°. The acid chloride (20-2 g.) was a colourless liquid. 

Methylmagnesium bromide (from 5-2 g. of magnesium) in ether (100 ml.) under nitrogen was 
cooled in ice and stirred with cadmium chloride (22 g.) until the Gilman test was negative 
(20 min.). Most of the ether was distilled; dry benzene (50 ml.) was added and the mixture 
frozen (—20°). The acid chloride in benzene (50 ml.) was added and the mixture gently stirred 
as it came to room temperature. After 18 hr. ice and dilute hydrochloric acid were added. 
The residue from evaporation of the benzene layer was stirred for 2 hr. with water to hydrolyse 
residual acid chlorides, taken up in ether, washed as in (a), dried (MgSO,), evaporated, and 
flash-distilled to give a somewhat impure product (4-5 g.), b. p. 68—72°/0-01 mm., from which a 
crystalline solid (0-35 g.), m. p. 130—132°, separated and was removed. The liquid portion in 
ether (20 ml.) was cooled to — 70°, to give the crystalline isomer (0-6 g.; m. p. 68—70°) of 2,6-di- 
chloro-octane-2,7-dione. The identity of this and the liquid isomer with material prepared by 
the other methods (a—e) was confirmed by preparation of the bis-aminothiazole (below). 

1,2- Bis -(2-amino-4-methyl - 5 - thiazolyl)ethane.—3,6 - Dichloro-octane-2,7-dione (300 mg. ; 
crystalline or liquid isomer), thiourea (300 mg.), and ethanol (2-5 ml.) were boiled for lhr. The 
solid hydrochloride was collected, washed with ethanol, dissolved in water, and treated with 
aqueous sodium carbonate to precipitate the bis-aminothiazole which was recrystallized from 
ethanol and melted at 218—220° (Found: C, 47-0; H, 5-3; N, 21-8. C,,9H,,N,S, requires C, 
47-2; H, 5-5; N, 22-0%). This derivative was obtained from the solid and liquid isomers 
prepared according to procedures (a), (e), and (f). 

all-trans-2,6,10,15,19,23-Hexamethyltetracosa-2,6,10,14,18,22-hexaene (Squalene) (1).—Freshly 
cut lithium (526 mg.) was stirred in ether (25 ml.) under nitrogen and treated with part of a 
solution of homogeranyl chloride (IX) (7-4 g.) in ether (35 ml.).. When reaction began, a temper- 
ature of —15° was maintained during the slow addition of the rest of the chloride. After 2 hr. 
the solution was cooled to —70° and 3,6-dichloro-ogtane-2,7-dione (2-2 g.; mixed isomers) in 
ether (20 ml.) was added. After } hr. acetic acid (2-5 ml.) in ether, and then water, were added. 
The ethereal layer was washed with water, aqueous sodium hydrogen carbonate, and again 
water, dried (MgSO,), and evaporated. The crude product was treated with methanolic n- 
potassium hydroxide (25 ml.). Titration after } hr. indicated consumption of 20 ml. of N-alkali. 
Water was added and the product was isolated by means of ether. Distillation (bath at 160— 
165°; 0-001 mm.) removed volatile by-products; squalene diepoxide could be distilled (b. p. 
160—175°/0-001 mm.) at this stage but distillation had no advantage. The residue (1-5—2 g.) 
was added to a solution of sodium iodide (5 g.) in a mixture of acetic acid (10 ml.), sodium 
acetate (1 g.), and propionic acid (10 ml.) at —20°. After 2 hr. the mixture was brought to 
room temperature and poured into excess of sodium hydrogen carbonate. The crude iodo- 
hydrin, usually weighing 0-7 g. more than the crude epoxide, was recovered by means of ether 
and mixed with anhydrous stannous chloride (5 g.) in pyridine (20 ml.). Phosphoryl chloride 
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(1-5 ml.) in pyridine (5 ml.) was added dropwise to the cooled mixture, which was left for 1 hr. 
at room temperature and diluted with ether (50 ml.). The solids were removed, pyridine was 
washed out of the filtrate by means of dilute hydrochloric acid, and the ether was washed with 
aqueous sodium carbonate and evaporated. The residue was boiled under reflux for 2 hr. with 
ethanolic 2N-potassium hydroxide (25 ml.) under nitrogen (this removed traces of iodine com- 
pounds). After dilution with water the product was recovered, dissolved in light petroleum 
(b. p. 60—80°; 15 ml.), and put on a column of alumina (35—40g.). Elution by light petroleum 
(150 ml.) gave a pale yellow oil (600—700 mg.) which was distilled over metallic sodium to give 
a colourless product (500—600 mg.), b. p. 145—150°/0-001 mm. This material had an infrared 
spectrum very similar to that of natural squalene. With hydrogen chloride in acetone ?” it 
readily gave a solid hexahydrochloride, separable (like the hydrochlorides of squalene) into two 
products, m. p. 107—108° and 144—145°, by crystallization from acetone and ethyl acetate. 

The distilled hydrocarbons (500—600 mg.) were dissolved in benzene (6 ml.), poured into a 
saturated solution (50 ml.) of thiourea in methanol, and cooled to 0°. The needle-shaped 
crystals were collected after 1 hr. and washed with a little light petroleum. Treatment with 
water then liberated squalene, which was extracted with light petroleum (b. p. 40—60°). The 
water-washed, dried (MgSO,) extract was evaporated, leaving squalene (100—110 mg.) as a 
colourless mobile liquid, »,?* 1-4950 (Found: C, 87-4; H, 12-4. Calc. for Cy,H,9: C, 87-7; H, 
12-3%). The infrared spectrum was identical with that of natural squalene purified via the 
clathrate with thiourea. 

1,3-Dichloro-4-methyloctan-4-ol.—This was prepared from n-butyl-lithium and 3,5-dichloro- 
pentan-2-one (9 g.), essentially as in the preparation of 3,5-dichloro-2-methylpentan-2-ol (above). 
The dichloro-alcohol (8-45 g.) had b. p. 60°/0-05 mm. (Found: C, 50-3; H, 8-5; Cl, 33-3. 
C,H,,OCI, requires C, 50-7; H, 8-5; Cl, 33-3%). 

1-Chloro-3,4-epoxy-4-methyloctane.—The above chlorohydrin (8-45 g.) reacted rapidly with 
methanolic N-potassium hydroxide (47 ml.)._ After 15 min. water and ether were added and the 
product, isolated in the normal manner, was distilled. The epovxide (6-55 g.), a colourless oil, 
had b. p. 104—106°/18 mm. (Found: C, 61-3; H, 10-0; Cl, 20-7. C,H,,OCI requires C, 61-2; 
H, 9-6; Cl, 20-1%). 

1-A cetoxy-3-chloro-4-methyloctan-4-ol.—Ethereal n-butyl-lithium, prepared in the usual way 
from lithium (1-2 g.) and n-butyl bromide (9-2 ml.), was transferred to a dropping funnel filled 
with nitrogen and cooled by solid carbon dioxide held in place by a jacket of cotton wool. The 
solution was added during 10 min. to 5-acetoxy-3-chloropentan-2-one (15-3 g.) in ether (75 ml.) 
at —70° with stirring. After 10 min. acetic acid (5 ml.) in ether (15 ml.) was added and the 
product was isolated in the normal manner. Distillation gave 9-4 g., b. p. 70—80°/0-001 mm., 
which was redistilled to give the acetoxychloro-octanol (7-2 g.), b. p. 68—70°/0-001 mm. (Found: 
C, 55-6; H, 9-0; Cl, 15-0. C,,H,,O,Cl requires C, 55-8; H, 8-9; Cl, 15-0%). 
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508. Potentiometric Studies of Some Dipyridyl Complexes. 
By Puitip GeorceE, G. I. H. HANANIA, and D. H. IRVINE. 


The redox potentials of the tetracyanodipyridyl, tris-2 : 2’-dipyridyl, 
and tris-1 : 10-phenanthroline Fe(11)—Fe(1m) octahedral complexes, as well as 
of the tris-2 : 2’-dipyridyl Ru(11)—Ru(11) complex, have been measured at 
different ionic strengths and temperatures. AG°, AH°, and AS° for the cell 
reaction ML,™*1!-+ 4H, = ML,”™-+ H* have been calculated, and the 
difference between the partial molal entropies of the teduced and the oxidized 
forms of the complex ions has been discussed. 


WE have shown elsewhere ! that the partial molal entropy (S°.) of a complex ion in aqueous 
solution can be adequately represented by the empirical equation 


OE ES ae ee 
where Z is the numerical value of the charge on the ion, x the number of ligand molecules 
bonded to the central atom, and A, B, and C are structural parameters. The parameter 
B denotes the change in S°, per unit change in charge on the ion, and is most conveniently 
obtained from the temperature coefficient of the cell reaction: 


ML,"*14 3H, =ML."+Ht+. . ... . (2) 


where ML,.*1! and ML,” denote two successive oxidation states of the complex ion. AS° 
for reaction (2) is given by: 
AS° = ("a — So m1) + S°Ht 7 $S°u, ° ° ° ° ° (3) 


where the terms S°,, and S°,,,1 are the partial molal entropies of the complex ion in its 
reduced and its oxidized state respectively. The difference between these values, which 
is numerically equal to B, can thus be obtained directly from the experimental value of AS°. 

Few complex-ion systems have been investigated over a range of temperature and 
ionic strength that enables a calculation of B to be made. In this paper we record results 
obtained for the tetracyanodipyridyl [(CN), dipy], tris-2 : 2’-dipyridyl (dipy), and tris- 
1 : 10-phenanthroline (phen) iron(I1)—iron(111) octahedral complexes, as well as for the 
tris-2 : 2’-dipyridyl ruthenium(11)-ruthenium(111) complex. 

Since these systems entail determinations of oxidation-reduction potentials (E) at 
hydrogen-ion concentrations other than unity and at various ionic strengths, the following 
symbols will be used in this paper: E for the e.m.f. when oxidant and reductant are present 
in equimolal concentrations (redox potential) at [H*] = 1 and J 40; E’ for the redox 
potential at [H*] #1; extrapolated values at zero ionic strength will be denoted by a 
superscript, viz., E° and E°’ respectively. 

The Tetracyanodipyridyliron(t1)-Tetracyanodipyridyliron(ii) System.—Preliminary 
experiments had shown that the potassium salt of tetracyanodipyridyliron(m) exhibited 
a reversible colour change from straw-yellow in strongly acidic to orange-red in alkaline 
solution. A spectrophotometric investigation of this phenomenon was therefore under- 
taken before potentiometric measurements were made. 

Fig. 1 (curves 1, 2, 4, and 5) shows absorption spectra for this compound in water and in 
0-010, 0-89, and 3-10M-HCl respectively. Since the curves for the intermediate concen- 
trations (2 and 4) are not isosbestic with respect to curve 1, for water, and curve 5, for the 
highest acid concentration, it follows that more than two species are present, and hence 
more than one ionization is involved. On the assumption that there are two ionizations: 


[H,Fe(CN),dipy]” = [HFe(CN),dipy}- +H* (K) . . . (4) 
[HFe(CN),dipy}- = [Fe(CN),dipy- +H* (K,)) . . . (5) 
2 George, Hanania, and Irvine, J]. Chem. Phys., 1954, 22, 1616. 
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analysis of the spectrophotometric data by a method of successive approximations was 
found to give self-consistent results with K, ~ 0-5, K, ~ 0-02, and with curve 3 in Fig. 1 
representing the spectrum of the intermediate species [HFe(CN),dipy]!~. 

The first ionization occurs in such strongly acidic solution that no further study of it 
was made. However, the values for the second ionization constant, K,, obtained directly 
from the detailed spectrophotometric measurements described in the next section, show 
satisfactory agreement with values obtained indirectly from the variation of redox 
potentials with pH, as described below. This further supports the assumption that only 
the two ionizations, represented by equations 4 and 5, are involved in the pH range which 
is covered in the present experiments. 

(a) Spectrophotometric determination of pK,. pK, was evaluated in terms of the 
concentrations of the two complex ions in equation (5), [HFe(CN),dipy]'~ and 
[Fe(CN),dipy]*-, the ratio of the concentrations being obtained from optical-density 
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measurements. To avoid the complexities that would otherwise arise from the over- 
lapping of the two ionizations, these measurements were made at 355 my where, as can be 
seen from Fig. 1, the species in the first ionization, equation (4), have equal absorption. 
With this condition holding, a change in optical density brought about by a change in Ht 
concentration can be attributed wholly to a change in the relative concentrations of the 
two complex ions in equation (5). 

A series of solutions of the tetracyano-compound containing various concentrations 
of hydrogen chloride were made up, and the ionic strength was adjusted to a constant value 


TABLE 1. Determination of pK, at 20-0° and I = 0-089. 


SEE PRNTUND: . cncccccenstanaiecncsindecadisbiconee 8-87 5-92 2-96 * 0-986 0-493 
Optical density (d) at 355 mp............... 0-175 0-188 0-204 0-243 0-263 
UIE hiidectacicibdites belies Gaile 1-67 1-63 1-71 1-69 1-69 


d,,; for the pure acid and base species are 0-147 and 0-291 respectively. 
Ionic strength was adjusted by ‘‘ AnalaR ”’ sodium chloride. 


by addition of “ AnalaR’”’ sodium chloride. The optical-density measurements at 355 
mu were made at constant temperature. The results of a typical experiment are recorded 
in Table 1. 

At J = 0-089, measurements of pK, at 15-5°, 20-0°, and 27-2° yielded the values 
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1-65 + 0-02, 1-68 + 0-02, and 1-69 + 0-02 respectively. Provided that AH is independent 
of ionic strength, as is generally assumed at low J, AH° = —1-3 + 1:3 kcal./mole. 

The effect of ionic strength on pK, is shown in Fig. 2 where pK, is plotted against 
/1/(l + +/J) at 25°. The lowest value of J at which values could be obtained with any 
accuracy was 0-01. Below this, the acid concentration was too small to give a sufficiently 
large change in optical density, and as a consequence the errors in the calculation of pK, 
were large. The plot of pK, against »/J/(1 + +/J) is linear with a slope of —2-1. This 
value is in close agreement with the theoretical slope of —2-0 expected for a change in 
charge according to equation (5). Extrapolation to zero ionic strength gives pK°®, = 
2-17 + 0-02. AG®° for the ionization is thus 2-97 + 0-03 kcal./mole, and hence AS° = 


—14:3 + 5-0e.u. On the basis that S°q+ = 0 (ref. 2), AS° is equivalent to the difference 


Fic. 2. Effect of ionic strength on the ionization 


of (HFe(CN),dipy]'~ at 25°. Slope = —2-1 Fic. 3. Variation of E’ for the couple 
(theoretical value —2-0). Extrapolation gives [Fe(CN),dipy]!~/[Fe(CN) ,dipy]?> with ionic 
pK,° = 2:17 + 0-02. strength at 25°. Limiting slope = 0-085 





(theoretical value = 0-088). Extrapolation 
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between the partial molal entropies of the tetracyanodipyridyliron(11) complex ion and its 
conjugate acid. 

(b) E.M.F. measurements. The value of pK, being known, and also that pK, < 0, 
it was possible to obtain redox potentials corresponding to the two couples [Fe(CN),dipy}*~/ 
[Fe(CN),dipy]?- and [Fe(CN),dipy]-1/[HFe(CN),dipy]'~ by working at appropriate 
hydrogen chloride concentrations. The former was obtained directly from measurements 
at a constant HCl concentration of 2-48 x 10m, ionic strength being controlled by 
addition of ‘‘ AnalaR ” sodium chloride. Fig. 3 shows a plot of E’ against 4/J/(1 + +/J) 
at 25°. The slope, +0-085, is in good agreement with the theoretical Debye—Hiickel 
slope, 0-088, for a couple in which the charge change is from —1 on the oxidised form to 
—2 on the reduced form. Extrapolation to zero ionic strength gives E°’ = 0-541, v, and 
hence AG° for the reaction: 


[Fe(CN),dipy]}'- + }H, = [Fe(CN),dipy- + Ht . . . . (6) 


is —12-5kcal./mole. Measurements of E’ at 1-6° + 0-2°, 12-4° + 0-2°, 20-8° + 0-1°, 25-0° + 

0-1° and constant ionic strength (J = 0-10) gave 0-611), 0-586, 0-568,, 0-560, v respectively, 

from which dE’/dt is —(2-18 + 0-07) x 10° v/degree. AH® for reaction (6) is thus 

—27-4+ 0-5 kcal./mole, and AS° = —50+ 1-6 e.u. Consequently, the difference 

between the partial molal entropies of the two complex ions, $°_4) — S%_,), is —34:6 + 1-6 

eu. A negative entropy difference is expected for this type of charge change, and the 
? Latimer, ‘‘ Oxidation Potentials,” Prentice-Hall, Inc., New York, 1952. 
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comparatively large value can be attributed to the fact that the peripheral nitrogen atoms 
carry some charge as a result of double-bond formation, thereby exerting a strong influence 
on surrounding water molecules.® 

For the cell reaction in more acidic solutions, which takes the for: 


[Fe(CN),dipy]“! + }H, = [HFe(CN),dipy- . . . . (7) 


measurements of E’ at different temperatures were carried out at a hydrogen chloride 
concentration of 0-197M, where about 90% of the tetracyanodipyridyliron(11) ion is in its 
conjugate acid form. The results gave dE’/d¢ = —(1-80 + 0-10) x 10° v/degree. 
Measurements of E’ were also made at three weaker acid concentrations at 25° and 
I =0-10. These values should fit the relation: 


E’ = (E’), + 0-059 log (K, + [H*])/Kp . . . . . (8) 


where E’ is the measured redox potential and (E’), is the redox potential of the couple in 
equation (6), [Fe(CN),dipy}*~/[Fe(CN),dipy]?~ at 25° and J = 0-10. By using the appro- 
priate value of pK, (1-66 obtained from Fig. 2), equation (8) was tested by calculating (E’), 
from the measured E’ values at the various hydrogen chloride concentrations. Table 2 
shows the constancy of (£’), values thus calculated, and their agreement with the value 
of E’ measured directly in the Ht-independent range. This substantiates the view that 
no other ionization on either the oxidised or reduced forms occurs in this system within 
the pH range investigated. 


TABLE 2. Variation of the measured redox potential, E’, with [H*] at 25°. 


BP icici chance taibecstineiatubbeie 0-10 0-10 0-10 0-20 
ERD CRD xasacncsnviasscacssenss 0-248 2-48 24-8 197 
iy 3). eer 0-560 0-562 0-577 0-619 
ag AE], Bere ee ereet oe 0-560 0-560 0-559 0-563 f 


* Ionic strength was adjusted by “ AnalaR ” sodium chloride. 
+ Value calculated by using pK, = 1-60 at J = 0-20. 


Substituting the values [H*] = 1 and (E’), = 0-560 in equation (8) gives the mean 
value of the redox potential, E = 0-658 + 0-001 v, for the couple [Fe(CN),dipy]!~/ 
[HFe(CN),dipy]!~ of cell reaction (7). Hence AG° = —15-2 kcal./mole. From the value 
of dE’/dét obtained at 0-198m-hydrogen chloride, AH® = —27-5+ 0-6 kcal./mole and 
AS° = —41-3 + 2-2 u.e. The difference between the partial molal entropies of the 
reduced and the oxidized form of the complex ion (equation 7) is, therefore, —25-7 + 
2:2 e.u. This difference is surprisingly large considering that thé charges on the complex 
ions are the same. Similar anomalous behaviour has been observed in the ferro-ferri- 
cyanide system, and an explanation in terms of some special structural features in the 
conjugate-acid species has been suggested.‘ 

It is clear that the ionization represented by reaction (5) is the difference between 
reactions (6) and (7). From the thermodynamic quantities for reactions (6) and (7), we 


obtain for the ionization in reaction (5): AH° = —0-5 + 1-1 kcal./mole, and AS° = —8-9 + 
3-8 e.u. These values are in reasonable agreement with those obtained directly by 
spectrophotometric measurements described in section (a) above, viz., AH® = —1:3+ 


1-3 kcal./mole, AS° = —14-3 + 5-0 e. u. J 

The Tris-o-phenanthrolineiron(t1)—Tris-o-phenanthrolineiron(111) Couple-—Hume and 
Kolthoff > had shown that this couple has a potential of 1-06 v in 1-0m-sulphuric acid at 25°. 
At very high acid concentration they also observed that the redox potential decreased as 
the acid concentration increased, and attributed this to an ionization on the oxidized form. 
Dwyer and McKenzie ® measured the potential of this system at various acid strengths 

% Cobble and Adamson, J. Amer. Chem. Soc., 1950, 72, 2276. 

* George, Hanania, and Irvine, Rec. Trav. chim., 1955, 74, 759. 


5 Hume and Kolthoff, J. Amer. Chem. Soc., 1943, 65, 1895. 
® Dwyer and McKenzie, J. Proc. Roy. Soc., New South Wales, 1947, 81, 93. 
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and obtained a value of 1-120 v at zero acid strength and 25°. The exact ionic strength 
was not recorded, but if it is assumed that the concentrations of the reduced and the 
oxidized form were each of the order of 10m the value at zero ionic strength would be 1-14 v. 

We have measured the redox potential of this system at different ionic strengths and 
temperatures. Except where specified, the experiments were carried out in 4-5 x 10°°m- 
nitric acid, with the ionic strength adjusted by ‘‘ AnalaR ” sodium nitrate. At this acid 
concentration no oxidation of the iron(II) complex by nitrate was observed during the 
time of measurement. Further, according to Hume and Kolthoff,5 no complication due 
to ionization of the oxidized form was to be expected. 

The results of measurements at 25-5° and different ionic strengths are shown in Fig. 4 
where E’ is plotted against »/J/(1 + +/J). The slope (—0-017) is in fair agreement with 
the theoretical slope (—0-0148) for a couple in which there is a charge of +-2 on the reduced 
- and +3 on the oxidized form. The extrapolated value E°’ = 1-141 v. Measurements at 
1-9°, 10-5°, 20-4°, 25-5°, 31-2°, all at J = 0-10, gave values of 1-118, 1-101, 1-111, 1-099, and 


Fic. 4. Variation of E’ for the couple Ps gama }2+/8+ 
































with ionic strength at 25-5°. Slope = —0-017 Fic. 5. Relation between tAS° and AH°® with 
| nage 7 value = —0-0148). Extrapolation gives the ligand for the trisdipyridyl-, hexacyano-, 
= 1-141 v. and mixed dipyridylcyano-complexes of 
ivon(11) and ivon(111). 
20 7 
1/40 
2 
= > 
ry 1-120 = = 
£ £ a 
ly 7 — 
1100 q 3 
] = 
1080 725 
5 L 1 
! 1! ! A B Cc D 
Ov O-2 0-3 O-4 A, Fe(dipy),?*/**. |B, Fe(dipy),(CN),°/"*. 
Vifi+J1 ) C, Fe(dipy)(CN),2-/!-. D, Fe(CN),4-/-. 


1-092 v respectively. dE’/dt is thus —9-0 x 10“ v/degree, from which E°’ (25° and zero 
ionic strength) is calculated to be 1-147 + 0-005 v. For the reaction: 


[Fe(phen),]** + 4H, = [Fe(phen),)** + H* . . . . (9) 


AG® is, therefore, —26-5 + 0-1 kcal./mole, AH° is —32-7 + 0-5 kcal./mole and AS°® is 
—20-8 + 2-0 e.u., giving S%,) — Se.) = —5-2'+ 20 e. u. 

The Trisdipyridyliron(i1)-Trisdipyridykiron(1) Couple—Hume and Kolthoff*® had 
found that this couple had the same value as the corresponding phenanthroline couple 
in IM-sulphuric acid. Dwyer and McKenzie ® quote a value of 1-096 v at zero acid strength. 
Measurements in 4-5 x 10--nitric acid with J = 0-056 were carried out at 10-5°, 20-9°, 
and 31-1° and gave values of 1-104, 1-096, 1-085, and 1-074 v, respectively. dE’/dé¢ is thus 
—1-0 x 10% v/degree. Assuming the variation of E’ with ionic strength to be the same 
as that for the phenanthroline couple allows E°’ at 25° to be estimated as 1-120 + 0-005 v, 
a slightly lower value than for the phenanthroline couple. For reaction (9), AG° is, therefore, 
—25-6 + 0-1 kcal./mole, AH° is —32-7 + 0-5 kcal./mole, and AS° —23-8 + 2-0 e.u. 
S°o) — 5°) is thus —8-2 + 2-0 e. u. 
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These thermodynamic results enable one to calculate the corresponding data for the 
reaction: 
Fe*+ + 3dipy = [Fe(dipy),**¥ . . . . . . (10) 


which cannot be obtained directly, since on adding 2,2’-dipyridyl to ferric ion one does not 
obtain the blue trisdipyridyliron(Im) ion, but a brown solution containing binuclear 


Fe™,, + }H, = Fe". + Ht . . . . . . (1D) 
[Fe(dipy),]** + 3H, = [Fe(dipy)s**+H* . . . . (12) 
Fe?+,,, + 3dipy = [Fe(dipy)g®* . . . . . . (18) 


species.? Considering reaction (10), as well as (11)—(13), it can be seen that the thermo- 
dynamic quantities, AG°, etc., for reaction (10) are given by: 


(AG*) 19 = (AG*) 1 + (AG*) 13 — (AG*);5 ee Vee Ors (14) 


and similar equations hold for AH°® and AS°. The data for reaction (11) were estimated 
from the E value and the partial molal entropies of the ions quoted by Latimer.? Those for 
reaction (13) were taken from Baxendale and George’s results. From these values we find 
for reaction (10), AG° = —15-4kcal./mole, AH° = —1-2 kcal./mole, and AS° = +-47-5e. u. 
Thus unlike the formation of trisdipyridyliron(11) ion, which is highly exothermic (AH° = 
—24-3 kcal./mole), the formation of the trisdipyridyliron(11) ion is due almost entirely to 
the large favourable entropy change. 

An interesting correlation is observed between ¢AS° (¢ = temperature) and AH® with 
the ligand when one compares the couples [Fe(dipy),|**/**, [Fe(dipy)(CN),]?-"-, and 
[Fe(CN),|*-/8-. This is shown in Fig. 5, where —¢AS° increases markedly and almost linearly 
as one replaces dipyridyl by cyanide, whereas — AH® decreases, the decrease being non-linear 
and less marked than the increase in AS°. Interpolation from these curves suggests that 
a reasonable value of E for the couple [Fe(dipy),(CN),|°*-, which cannot be obtained 
experimentally because of the low solubility of [Fe(dipy),(CN),]° species, is about 0-8 v. 
This type of correlation seems to offer a useful method of obtaining thermodynamic 
results for couples containing mixed ligands when no direct measurements can be made. 

The Trisdipyridylruthenium(t)-Trisdipyridylruthenium(1) Couple-——Dwyer® quotes 
a value of 1-31 v for this couple at zero ionic strength. At J = 0-82, the present measure- 
ments yielded values of 1-282, 1-276, and 1-269 v at 1-7°, 11-4°, and 21-2°. These values 
give dt’/dt = —6-7 x 10% v/degree. At J = 0-060 and 21-1° the measurement gave 
E' = 1-336 v, and using the same extrapolation as in the case of the iron—dipyridyl and 
—phenanthroline systems we estimate E°’ to be 1-374 + 0-005 v. Hence for the reaction: 

[Ru(dipy)3}** + 4H, = [Ru(dipy)s*+H* . . . . (15) 
AG° = —31-6 + 0-1 kcal./mole, AH° = —36-3 + 0-5 kcal./mole, and AS° = —15-8 + 2-0 
e.u. S%,) — S%,; is therefore —0-2 + 2-0 e.u. 

The difference in partial molal entropies for this, as well as for the iron complexes, is 
very much smaller than might have been expected in view of the value of +43 e. u. for 
the ferrous-ferric aquo-ion system. Similar behaviour is observed in the trisdipyridyl- 
osmium(11)—trisdipyridylosmium (111) system, where, using the data of Barnes, Dwyer, and 
Gyarfas,!° we have calculated S%,) — S°,) = 0-8 e.u. The small entropy difference 
for all these complexes suggests that the large organic molecule effectively shields the 
central metal atom, so that changes in its charge hardly affect surrounding water molecules 
in the second co-ordination shell. 

7 Simon and Haufe, Z. anorg. Chem., 1936—1937, 230, 100; Blau, Monatsh., 1898, 19, 650. 

8 Baxendale and George, Trans. Faraday Soc., 1950, 46, 55. 


® Dwyer, J. Proc. Roy. Soc., New South Wales, 1949, 83, 138. 
10 Barnes, Dwyer, and Gyarfas, Trans. Faraday Soc., 1952, 48, 269. 
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EXPERIMENTAL 


The potassium salt of tetracyanodipyridyliron(11) was prepared as described by Barbieri.™ 
Spectrophotometric titration with standard ceric ammonium nitrate showed it to be 99% pure. 

Solutions of trisdipyridyl- and tris-o-phenanthroline-iron(11) were prepared by adding 
slightly more than three molar equivalents of 2,2’-dipyridyl and o-phenanthroline respectively 
to exactly one equivalent of “‘ AnalaR’’ ferrous ammonium sulphate, and making up the 
appropriate volume. 

Trisdipyridylruthenium(t11) chloride was used in the experiments involving the ruthenium 
complex cation. It was prepared and purified by Burstall’s method.” 

All other reagents were of “‘ AnalaR ”’ quality. 

E.M.F. Measurements.—The apparatus used has already been described.4* The method 
adopted was to add the appropriate amount of standard ceric ammonium nitrate solution to 
the reduced forms of the complex ions so as to give an approximately equimolar mixture of the 
reduced and oxidized forms, and then determine simultaneously the E.M.F. potentiometrically 
and the concentrations of reduced and oxidized forms by spectrophotometric measurements. 
Concentrations of complex ions of about 10m were used for potentiometric measurements and 
of about 5 x 10°m for spectrophotometric measurements. The latter measurements were 
made with a Unicam quartz spectrophotometer. 


The investigation was carried out as part of a research programme supported by grants from 
the Department of Scientific and Industrial Research, and the Nuffield Foundation, which 
we gratefully acknowledge. 
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11 Barbieri, Atti R. Accad. Lincei, 1934, 20, 273. 
12 Burstall, ]7., 1936, 173. 
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509. Preparation of Some 3,4,5-Trialkylpyridines. 
By A. S. BatLey and J. S. A. BRUNSKILL. 


The synthetic route, involving cyclization of trisubstituted cyanogluta- 
conic esters, which is efficient for 3,4,5-trimethylpyridine, is increasingly 
difficult with 3-ethyl-4,5-dimethylpyridine and 3,5-diethyl-4-methylpyridine. 


3,4,5-TRIALKYLPYRIDINES are not readily accessible. 3,4,5-Trimethylpyridine was 
prepared from diethyl y-cyano-«$y-trimethylglutaconate to facilitate identification of the 
constituents of coal-tar, shale oil, etc.; Tsuda, Mishima, and Maruyama ! ascribed some- 
what different properties for this compound from those which we found. Discrepant physical 
data on such hygroscopic bases are common in the literature, so Arnall’s isolation of this 
base from coal tar? was opportune. The method, which appears generally impracticable 
for higher members of the series, was applied with increasing difficulty to 3-ethyl-4,5- 
dimethylpyridine and 3,5-diethyl-4-methylpyridine: our best overall yields were below 4%, 
compared with 28% of the collidine. As alkylpyridines may be difficult to characterize 
by analysis, each homologue was converted into several salts (see Table 1). 

The diethyl «Sy-trialkyl-y-cyanoglutaconates (I) were prepared by a modification of 
Rogerson and Thorpe’s method *# in which the crude potassium derivative, formed by 
condensing ethyl cyanoacetate and ethyl acetoacetate with alcoholic potassium ethoxide, 

* Tsuda, Mishima, and Maruyama, Pharm. Bull. (Japan), 1953, 1, 283; Chem, Abs., 1955, 49, 8277. 


2 Arnall, J., 1958, 1702. 
® Rogerson and Thorpe, J., 1905, 87, 1685. 
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was alkylated twice. An attempt to obtain the potassium derivative of the «-ethyl-f- 
methyl ester (I; R = Et, R’ = H) by condensing ethyl «-acetobutyrate with ethyl cyano- 
acetate was unsuccessful,? although similar preparations of the «$-dimethyl analogue 
(I; R = Me, R’ = H) have been described.** Ethyl propionylacetate failed to condense 


TABLE 1. Salts of 3,4,5-trimethylpyridine (A), 3-ethyl-4,5-dimethylpyridine (B), and 
3,5-diethyl-4-methylpyridine (C). 


Found (%) Required (% 
————— 








ae —_ 
Salt M. p.* Formula Cc H N x C H N x 
A:piceehe .......:. 174—175°° — — — — — 
ine) eesenesae 133 C,;H,,0,N, 49-7 44 15-5 49-5 44 15-4 
C. ge ens 105 CygH,,0;,N, 50-9 46 15-2 50-8 48 14-8 
A styphnate ...... d > 225° os —_— — _ 
B ip ae 149 (d Cy,;HyO3Ny 47-4 43 148 47-4 42 14-7 
Cc dba 131 C,,H,,0,N, 48-8 46 14-2 48-7 46 14-2 
A picrolonate ... 228 (d) ¢ -- -- _- — 
si ae 167 (d) Cy, H,,0;N, 575 53 17-2 57-1 53 17-5 
Cc * ne 184 (d) C, H,,0,;N, 57-9 5:7 = 16-7 58-1 56 16-9 
A chloroplatinate s> 235° C,,H,,N,Cl,Pt 29-4 3-7 4:2 30:14 29:5 3-7 43 29-9 
B - 208 (d) CygHagN.Cl,Pt 31-8 4-2 4:0 28-7f 31:8 41 4:1 28-7 
Cc - S217  CopHg.N,Cl,Pt 34:0 45 38 27:8 339 46 40 27-6 
A chloroaurate ... 161—162 (d) C,H,,NCAu 21-1 27 30 4269 208 26 30 42-7 
B . e 135 C,H,NC,Au 231 29 30 415% 227 30 29 415 
Cc ‘ad 119 CiHyNClAu 247 33 30 40:07 246 33 29 403 
A methiodide .... 149—150 C,H,,NI 40-6 55 5-0 48-14 41-1 5-4 5:3 48-2 
B ‘ed se 132(d) CyH,.NI. 43-5 6-0 5-3 46-24 43:3 5-8 5-1 45-8 
A hydrochloride d-> 220‘ C,H,,NCl 61-2 7:6 9-1 61-0 7-7 8-9 


« d = decomp.,s = sinters. ? Lit., 2m. p. 174° and 178°. © Lit.,2m.p. 180°. ¢@ Lit.,4?2m. p. 
188° and 232° (decomp.). ¢ Lit.,1 m. p. 197—198° (no analysis) ‘X= Pt. *X=Au. *X=I. 
* Sublimed at 120° (bath)/0-5 mm. 


in the same manner with ethyl cyanoacetate when treated with potassium t-butoxide, so 
this preparative approach may be applicable to the 4-methyl homologues only. However, 
the reaction mixtures were not examined for amounts of the required products which 
would be too small to be of value. 

Significant quantities of the more volatile substituted crotonic esters were obtained 
only in the preparations of the higher trialkylcyanoglutaconic esters, when more than one 
such by-product occurs *® (see Table 2). Thus, the action of potassium ethoxide and 
ethyl iodide on diethyl y-cyano-a-ethyl-8-methylglutaconate gave, together with the 
required product (I; R = R’ = Et), an approximately equivalent amount of the mono- 
ester (II; R= Et, R’ = H), formed from the starting material, but much less of the 
expected trialkyl analogue (II; R = R’ = Et). 

Because the hydrolysis of the ester (II; R = R’ = Me) with hydrochloric acid affords 
a mixture of the dihydroxy-compound (III; R = R’ = Me) and the trimethylglutaconic 
acid,’ the crude ethyl y-cyano-«-ethyl-8-methylcrotonate fractions were alkylated in the 
same manner to obtain the «fy-trialkyl-substituted esters (II; R = Et, R’ = Et or Me). 
These furnished low yields of hydroxypyridones on cyclization, but no evidence was found, 
in the infrared absorption or elsewhere, that either ester contained other by-products, 
e.g., the aa«$-trialkyl isomers. The infrared spectra of the trialkylcyanocrotonic esters 
exhibit strong bands near 5-78 p (carbonyl stretching vibrations of unsaturated esters) at 
wavelengths generally about 0-04 » higher than the corresponding bands of the substituted 
cyanoglutaconic esters. A similar relation was observed between the nitrile bands, at 
4-52—4-54 and 4-47—4-52 p, respectively, which in the glutaconic esters are subject to the 
“quenching ”’ effect of the «-ethoxycarbonyl group. 

On hydrolysis with hydrochloric acid, the ethyl-substituted glutaconic esters afforded 

* Kon and Nanji, /., 1931, 560. 

’ Hope, J., 1922, 121, 2216. 

6 Hope and Sheldon, /J., 1922, 121, 2233. 
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lower yields of dihydroxypyridines than did the trimethyl analogue (I; R = R’ = Me), but 
attempts to isolate the by-products, the corresponding «fy-trialkylglutaconic acids, were 
unsuccessful.’ Cyclizations with methanolic potassium hydroxide also gave mixtures 
which were difficult to separate,* including two unstable, viscous distillates, which were 








TABLE 2. Preparation of aBy-trialkyl-y-cyanoglutaconic and corresponding crotonic 
esters. 
Yield 
Product Reactant (%) B. p./mm. np?¢ d° 
1. I; R= R’ = Me I; R = Me, R’ = H 78 120—125°/2¢ 1-4623 
2.1; R= Et, R’ = Me I; R= Et, R’ =H 39 107—108°/0-2 1-4567 1-0439 
3. I; R= R’ = Et I; R = Et, R’ = H 43 125°/0-2 1-4544 1-0266 
4. II; R = Et, R’ =H I; R = Et, R’=H 30¢ 132°/15/ 1-4594 (18°) 0-9714 
I; R= Et, R’ =H 38 ¢ 
5. II; R= Et, R’ = Me II; R=-Et, R’ = H4 54 136°/24 1-4595 (15-5°) 0-9743 
6. II; R= R’ = Et II; R= Et R’ = H® 47 136°/12 1-4591 0-9595 
I; R= Et, R’=H 2¢ 
7.1; R= Me, R’=Et I; R= Me, R’=H 39 114—116°/0-12 1-4556 1-0387 
8. II; R = Me, R’= Et I; R= Me, R’=H 119 = 121°/12 1-4595 (15-5°) 0-9778 
Found (%) Required (%) Infrared bands () ® 
"a ee — age Aa al 
Formula Cc H N Cc H N (CN) C20) 
1. (known compound) 4-52w 577s 
2. C,,H,,0,N 62-7 7-7 5-5 62-9 7-9 5-2 447 vw 5-738 
3. C,,H,,0,N 64-3 8-2 5-3 64-0 8-2 5-0 450 vw 577s 
4. -—- -— -- -- -— —- 4-52 m 5-76 s9 
5. C,,H,,0,N 67-6 87 7-4 67-7 8-8 7:2 454m 677 vs 
6. CygH,,O.N 68-9 9-1 6-7 68-9 9-1 6-7 454m 580s 
68-6 8-9 6-8 
7. CygH2,0,N 63-1 7-8 5-6 62-9 7-9 5-2 447 vw 5-758 
8. C,,H,,0.N 67-4 8-7 7-4 67:7 8-8 7:2 454m 6579s 


* At other temperatures in parentheses. 


®’ s = strong, m = medium, w = weak, v = very. 
© Lit.,? b. p. 133—140°/3 mm. 


@ By-product with 2nd compound, other by-product (II; R = Et, 
R’ = Me) not isolated. ¢ By-product with 3rd compound. / Lit.,!” b. p. 141°/20 mm. % Ester 
(1; R = Et, R’ = H) had bands at 4-51 (w) and 5-76 p(s). * Crude C,)H,,O0,N fraction contaminated 
with required ester. ‘ By-product with 3rd compound, identical (infrared spectrum) with ethylation 
product from (II; R = Et, R’=H). J By-product with previous compound. 


essentially the trialkylglutaconic anhydrides (IV; R= Et, R’ = Me) and (IV; R = 
R’ = Et). Although purification of the hydroxypyridones (III; R= Et, R’ = Me; 
and R = R’ = Et) involves great losses, crude cyclization products may be converted 
into dichloropyridines. 


(I) EtO,C-CR:CMe*CR’(CN)-CO,Et 


Me 
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EtO,C-CR:CMe-CHR“CN (II) 


‘ - Me 
io: 
Cl ZC 
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Me 


Cl 
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The preparation of the trimethyl derivative (V; R= R’ = Me) and especially the 
ethyl-substituted dichloro-compounds (V; R = Et, R’ = Me; and R = R’ = Et) involved 
exceptionally vigorous reactions with phosphorus oxychloride, a chloropyridone (VI) 
being isolated from one experiment under relatively mild conditions (see Table 3). Because 
of initial difficulties in replacing the «-hydroxyl groups by chlorine, their reduction with 
phosphorus and iodine ! was investigated in the pyridine series: poor yields of 2,3,4- and 


7 Adams, Van Duuren, and Braun, J. Amer. Chem. Soc., 1952, 74, 5608. 
8 Thorpe, J., 1905, 87, 1682. 

® Montagne, Bull. Soc. chim., 1946, 67. 

10 Hammick and Thewlis, J., 1948, 1457. 
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3,4,5-trimethylpyridine resulted. As alternative to catalytic hydrogenation, removal of 
the a-chlorine atoms through the formation and decomposition of the hydrazide ™ con- 
verted the compound (V; R = R’ = Me) into a mixture of products, apparently including 
2-hydroxy-3,4,5-trimethylpyridine. 


Preparation of Some 3,4,5-Trialkylpyridines. 


TABLE 3. Preparation of substituted 2,6-dichloropyridines from the corresponding 
2,6-dthydroxy-compounds. 


Reaction 
time Yield Found (%) ~~ uired (%) 
Product (hr.) (%) M.p. Formula c Bs @ Cc N GQ 
V; R= R’ = Me? .... 6¢ 85 99°8 — - -—- — —_-_ — 
V; R= Et, R’ = Me* 24 78 66 C,H,,NCl, 52-8 5-4 6-7 34-7 53-0 5-4 6-9 34-7 
By- 5 ag (V I)e3 ae 3 3° 198 C,H,,ONCI 58-4 6-8 7-9 18-8 58:2 65 7-5 19-1 
¥ = RB” ==: Et* ... 18¢ 27 19—20¢ C,,H,,NCl, 54:9 5-8 6-4 32:3 55-1 6-0 6-4 32°5 


* Heating under reflux (ref. 1) or for 12 hr. at 180° gave mixed products. ° Lit., m. p. 96—96-3°. 
¢ With 19% of (V; R= Et, R’ = Me). ¢ Longer treatment (24 hr.) was less effective, and under 
milder conditions only starting material was recovered. A mixed product of high chlorine content 
resulted when PCl, was added (12 hr.). ¢ B. p. 109°/0-05 mm., mp?"5 1-5470. 

1 Amax. 225 (ce 3220) and 275 mp fc $600); vmax. 14°18 p (C-Cl). 2 Amax. 220 (7140) and 275 mp 
(¢ 4430); max. 14-34 cm.“ (C-Cl). 4 . 14-85 (C-Cl), also 6-12 m and 6-36 sp» (amide). * Ans "291 
(ec 7950) and 276 my (e 4060); vmax. 14-31 pt (C-C]). 


The bases and derivatives containing a pyridine nucleus showed no peaks in the ultra- 
violet spectrum above 300 my, and the dominant hydroxypyridone character of the 
dihydroxypyridines was indicated by their absorption maxima near 322 muy.!2 In the 
comparison of some lower pyridine homologues, the lengthening of an alkyl side-chain had 
been found to cause no appreciable change in the ultraviolet absorption,’ and there was a 
barely perceptible bathochromic shift in both maxima on passing from 3,4,5-trimethyl- 
to 3-ethyl-4,5-dimethyl- and 3,5-diethyl-4-methyl-pyridine. A similar displacement with 
increasing size of the substituent alkyl groups, which was shown by the hydroxypyridones, 
is not typical of pyridine compounds. 

The infrared spectra of 3,4,5-trimethyl-, 3-ethyl-4,5-dimethyl-, and 3,5-diethyl-4- 
methyl-pyridine each had three bands in the specific 10—15 » range,!* which moved to 
shorter wavelength with lower intensity with increasing molecular weight.» These were 
at 11-42, 12-19, and 13-84 up, at 11-34, 12-15, and 13°56 up, and at 11-24, 12-12, and 13-42 p 
respectively. The three peaks of longest wavelength lay outside the range of 13-66— 
13-81 » (724-732 cm.) suggested by Cook and Church ?* for ar deformation 
tiie of trialkylpyridines, as did the corresponding band of 2,3,4-trimethylpyridine 
at 13-61 ». Other characteristic infrared absorptions include a strong C-Cl band of 
substituted «-chloropyridines (14-18—14-85 yu), and the amide bands (5-92—6-17 and 
6-36—6-62 u) which are further evidence of the pyridone configurations of the «-hydroxy- 
pyridines.!*2 The former were accompanied only by much weaker bands in the 13-50— 
15-00 » region and the latter, in some cases, by a relatively weak absorption near 6-25 pu, 
in place of the strong band found in compounds with true pyridine rings. 


EXPERIMENTAL 
Densities were measured in a pycnometer of 5 ml. capacity and refractive indices on an Abbé 
instrument. Ultraviolet absorption spectra were determined for ethanol solutions, and infrared 
spectra were measured for liquid films or Nujol mulls. 
Diethyl aB-Dialkyl-y-cyanoglutaconates.—Potassium (68 g.) was added to anhydrous t-butyl 
alcohol (1 1.), followed by absolute ethanol (500 ml.) to obtain a clear solution, then by ethyl 
cyanoacetate (193 g.), and finally by ethyl acetoacetate (222 g.). After intermittent stirring 


11 Thielepape and Spreckelson, Ber., 1922, 55, 2934. 

12 Ames, Bowman, and Grey, J., 1953, 3008. 

13 Andon, Cox, and Herrington, Trans. Faraday Soc., 1954, 50, 924. 
14 Tsuda and Maruyama, Pharm. Bull. (Japan), 1953, 1, 146. 

15 Shindo and Ikekawa, ibid., 1956, 4, 192. 

16 Cook and Church, J. Phys. Chem., 1957, 61, 458. 
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at room temperature for 1 week, the solidified potassium derivative of diethyl «-cyano-f- 
methylglutaconate 4 (I; R = K, R’ = H) was collected, washed with cold ethanol and much 
ether, pulverized, and dried in vacuo (434 g., 97%). This product (198 g.) was heated under 
reflux with ethyl iodide (234 g.) and absolute ethanol (500 ml.) for 12 hr., to give diethyl y-cyano- 
a-ethyl-8-methylglutaconate (I; R= Et, R’ = H) (141 g., 74%), b. p. 136—138°/5 mm. 
(lit.,2” b. p. 168°/22 mm.), ,,° 1-4634. Similar treatment with excess of methyl iodide gave 
diethyl y-cyano-a«$-dimethylglutaconate (I; R = Me, R’ = H) (94%), b. p. 128°/1 mm., m,,”° 
1-4653 (lit.,4 2,28 1-46619). 

Diethyl aBy-Trialkyl-y-cyanoglutaconates and Ethyl afy-Trialkyl-y-cyanocrotonates.—Details 
of the preparations are given in Table 2. Some minor products were not isolated. Ina typical 
experiment,*® the ester (I; R = Me, R’ = H) (88-0 g.) was treated with a solution from 
potassium (14-4 g.) in absolute ethanol (120 ml.), ethyl iodide (86-1 g.) then being added. When 
the exothermic reaction abated, the mixture was heated under reflux for 1 hr. and partially 
evaporated. Water was added to dissolve the precipitate, the products were isolated by means 
of ether, and the trialkyl-substituted cyanoglutaconic ester (I; R = Me, R’ = Et) (38-5 g.) 
separated from the more volatile by-products (41-5 g.), including the analogous crotonic ester 
(Il; R= Me, R’ = Et) (8-1 g.), by repeated fractionation. 

3,4,5-Trialkyl-2,6-dihydroxypyridines.—In accord with the methods of Rogerson and Thorpe,® 
diethyl «fy-trialkyl-y-cyanoglutaconates (I) and ethyl a®y-trialkyl-y-cyanocrotonates (II) were 
cyclized by heating them under reflux with concentrated hydrochloric acid until the oily layer 
disappeared (method A) or with 5% methanolic potassium hydroxide solution for 3—4 hr. 
(method B). 

(a) The dihydroxy-compound (III; R = R’ = Me) was prepared by method A from the ester 
(I; R = R’ = Me) in 53% yield. On concentration of the hydrochloric acid solution, needles 
of the unstable hydrated hydrochloride crystallized [m. p. 170° (preheated bath) with prior 
dehydration and sublimation]. Decomposition with hot water afforded the hydroxypyridone 
in plates, m. p. 175—176°, raised to 179° (lit.,57 m. p. 180 and 179°), as waxy needles after 
sublimation at 140° (bath)/0-1 mm.; this had A,,, 231 (¢ 3270) and 320 my (c 2950); infrared 
bands were at 6-00 (m), 6-17 (s), 6-35 (m, shoulder), and 6-49 u (s, broad). The di-p-toluene- 
sulphonate, plates (from ethanol), m. p. 170—171°, was prepared in dry pyridine at room 
temperature (Found: C, 57-2; H, 4:9; N, 3-0. C,,H,,0,NS, requires C, 57-3; H, 5-0; 
N, 30%). 

(b) 3-Ethyl-2,6-dihydroxy-4,5-dimethylpyridine (III; R = Et, R’ = Me) was obtained in 
9% yield from the ester (I; R = Et, R’ = Me) by method B. The white powder, m. p. 96°, 
which crystallized from water, sublimed at 100° (bath)/0-05 mm. to form waxy needles, m. p. 
106° (Found: C, 64-7; H, 7-7; N, 8-2. C,H,,0O,N requires C, 64-6; H, 7-8; N, 8-4%), Amax. 
241 (¢ 4110) and 322 my (e 2210), vnax. 5-96 (s), 6-07 (s), and 6-25 » (w, shoulder) (weak band at 
6°62 py). 

Similar sublimates from the crude semicrystalline product were contaminated by a yellow 
oil, and attempts to separate a carboxylic acid from phenolic and neutral constituents yielded 
a pale yellow, viscous, unstable distillate (0-5 ml.), b. p. 120°/0-4 mm., which was essentially 
a-ethyl-By-dimethylglutaconic anhydride (IV; R = Et,.R’ = Me), but did not crystallize (Found: 
C, 64-4; H, 7-4. C,H,,0, requires C, 64:3; H, 7-2%). Cyclization of the esters (I; R = Et, 
R’ = Me; and R = Me, R’ = Et) by method A afforded crystals, m. p. 95—97°, in yields of 
16% and 37% respectively; but more hydroxypyridone was isolated as a glass, b. p. 166— 
170°/35 mm., from the combined dilute acid mother-liquors of several preparations, by ether- 
extraction and subsequent distillation (Found: N, 8-5%). 

Method B, applied to the ester (II; R = Et, R’ = Me), furnished little crystalline product 
until the concentrated, green mother-liquors were treated with ammonia, whereby a 13% 
yield (m. p. 94—96°) was realized. A similar product (6%) from cyclization of the ester (II; 
R = Et, R’ = Me) by method A, was converted (Schétten—Baumann) into the 2,6-dibenzoate, 
prisms (from ethanol), m. p. 130° (Found: C, 73-3; H, 5-6; N, 3-8. C,,;H,,O,N requires 
C, 73-6; H, 5-6; N, 3:7%), and by acetic anhydride into the 2,6-diacetate, cream-coloured, 
irregular prisms (from ethanol), m. p. 79° (Found: C, 62:3; H, 6-9; N, 5-6. C,3H,,O,N 
requires C, 62-1; H, 6-8; N, 5-6%). 

(c) 3,5-Diethyl-2,6-dihydroxy-4-methylpyridine (III; R = R’ = Et) was prepared by method B 
from the ester (I; R= R’ = Et). After distillation at 115—120°/0-3 mm., sublimation at 

17 Bland and Thorpe, /J., 1912, 101, 888. 
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85—90° (bath)/0-1 mm. and recrystallization from aqueous ethanol or ethanol-light petroleum 
(b. p. 60—80°) gave a white microcrystalline product (30%), m. p. 94—96°. Resublimation 
gave waxy needles, m. p. 105° (Found: C, 66-1; H, 8-3; N, 7-7. CygH,;O,N requires C, 66:3; 
H, 8-3; N, 7:7%), Amax. 245 (¢ 2250) and 325 muy (ce 493), vmax, 5-92 (s), none between 6-08 (m, 
shoulder) and 6-90 uw. 

That part of the product, which did not crystallize, was fractionated twice to obtain a small 
quantity (0-5 g.) of an acidic, yellow syrup, b. p. 132—134°/0-2 mm., n,!* 1-4900 (Found: 
C, 65-5; H, 7-9. Calc. for C,pH,,0O,: C, 65-9; H, 7-7%). It darkened on storage and still 
contained traces of nitrogen, but was evidently essentially a«y-diethyl-6-methylglutaconic 
anhydride (IV; R = R’ = Et) (lit.,* b. p. 180—200°/20 mm.). 

Cyclization of the esters (I; R = R’ = Et) and (II; R = R’ = Et) by method A afforded 
yields of 48% and 13%, respectively, of clean but somewhat impure crystals melting above 95°. 
Distillation of the white needles, m. p. 95—96° (31%), produced from the ester (II; R = R’ = 
Et) by method B, gave a glass, b. p. 155°/15 mm., which at 95—100° became a mobile, colourless 
oil (Found: C, 66-5; H, 8-3; N, 8-0%). Although it did not crystallize, its identity was 
confirmed by the infrared absorption and by conversion into 2,6-diacetoxy-3,5-diethyl-4-methyl- 
pyridine, prisms or rhombs (from water), m. p. 99—100° (Found: C, 63-6; H, 7-4; N, 5-6. 
C,4H,,0,N requires C, 63-4; H, 7-2; N, 53%). However, no dibenzoate or di-p-toluene- 
sulphonate was formed by the methods previously employed. 

Substituted 2,6-Dichloropyridines.—These were prepared by the action of an excess of 
phosphorus oxychloride in sealed tubes at 220—250°. The mixtures were treated with crushed 
ice, and the vesicant and lachrymatory products obtained in colourless needles after crystal- 
lization (charcoal) from light petroleum, with the exception of 2,6-dichloro-3,5-diethyl-4-methyl- 
pyridine (V; R = R’ = Et), which was isolated by means of ether and purified by two distillations. 
Steric considerations suggested that in an experiment under somewhat milder conditions 
6-chlovo-3-ethyl-2-hydroxy-4,5-dimethylpyridine (V1) and not the 2-chloro-6-hydroxy-isomer had 
been formed, but very little (~0-1 g.) was isolated. 

In addition to the experiments with clean but low-melting hydroxypyridones recorded in 
Table 3, both the above and the homologous dichloro-compound (V; R = Et, R’ = Me) were 
obtained from the crude cyclization products. Thus, when the crystalline dihydroxy-com- 
pound (III; R = Et, R’ = Me) had been collected, the combined mother-liquors were concen- 
trated, treated with ammonia, and distilled to yield a viscous, yellow oil (17 g.), b. p. 140— 
144°/0-4 mm., which was converted into the dichloropyridine (V; R = Et, R’ = Me) (7:5 g.), 
m. p. 65°, in the same manner. 

3,4,5-Trimethylpyridine.—(a) The hydroxypyridone (III; R= R’ = Me) (4 g.), iodine, 
(22 g.), red phosphorus (1-8 g.), and xylene (150 ml.) were heated !° under reflux for 4 hr., but 
the basic product was too small (~0-2 g.) to be isolated and was characterized as the picrate 
(see Table 1). This method was shown to be applicable to the pyridine series by the treatment 
of 6-hydroxy-2,3,4-trimethylpyridine !8 (4 g.) with red phosphorus (0-9 g.) and iodine (11-2 g.) 
in boiling xylene for 1 hr. to obtain 2,3,4-trimethylpyridine (0-8 g., 23%), b. p. 192°/760 mm., 
n,*° 1-5150 (lit.,1* »,** 1-5161). 

(b) The dichloro-compound (V; R = R’ = Me) (9 g.) was heated under reflux for 24 hr. 
with 100% hydrazine hydrate (50 ml.), and the crude hydrazine derivative decomposed with 
boiling 10% aqueous copper sulphate." In addition to lower-boiling material (<1 g.), whose 
principal basic constituent was identified by conversion into 3,4,5-trimethylpyridine picrolonate, 
distillation afforded a solid fraction, b. p. 132°/30 mm., which crystallized from light petroleum 
(b. p. 60—80°) in white needles (~0-2 g.), m. p. 76—78°, with the expected properties of 
2-hydroxy-3,4,5-trimethylpyridine (Found: C, 70-1; H, 8-2; N, 10-2. C,H,,ON requires 
C, 70-1; H, 8-1; N, 10-2%). The infrared spectrum had intense bands,at 6-08, 6-23, and 6-40 u 
(shoulder) compared with those at 6-03, 6-16, and 6-49 yu shown by the isomeric 6-hydroxy- 
2,3,4-trimethylpyridine. 

(c) The above dichloro-compound (18 g.), potassium hydroxide (10-8 g.), 2% palladium- 
barium carbonate (10 g.), and methanol (200 ml.) were shaken with hydrogen at <5 atm. until 
a slight excess (4-7 1.) appeared to be absorbed, more catalyst (4 x 10g.) being added when the 
uptake became very slow. The solution was filtered, concentrated, added to water (50 ml.), 
and extracted with ether. Drying (KOH), evaporation, and distillation twice from barium 
oxide, finally in oxygen-free nitrogen, gave 3,4,5-trimethylpyridine (10-2 g., 89%), b. p. 

18 Prelog, Konzak, and Moor, Helv. Chim. Acta, 1942, 25, 1663. 
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102°/30 mm. (Found: C, 79-3; H,9-1;.N, 11-4. Calc. forC,H,,N: C, 79-3; H, 9-1; N, 11-6%); 
Amax. 213 (c 4310) and 263 my (ce 2490). The distillate crystallized in deliquescent plates, with a 
distinctive odour, m. p. 35° (lit.,»2 m. p. 10—13° and 36-8°), b. p. 210-7°/754 mm. (lit.,? b. p. 
205—207° and 211-4—211-5°/759 mm.); these measurements were made under dry oxygen-free 
nitrogen by a cooling curve and with a short-stemmed Anschiitz thermometer in a small 
apparatus incorporating a Cottrell pump. Siwoloboff’s method gave b. p. 209—210°/755 mm. 

3-Ethyl-4,5-dimethylpyridine—The compound (V; R=Et, R’ = Me) (15-3 g.) was 
hydrogenated similarly, but the product required fractionation to remove chlorine-containing 
material. The pyridine (3-8 g., 38%), 2,” 1-5136, b. p. 217°/744 mm. (Siwoloboff), solidified in 
plates at — 14° (Found: C, 79-9; H, 9-7; N, 10-6. C,H,,N requires C, 79-9; H, 9-7; N, 10-4%); 
Amax. Were 214 (ce 4950) and 263—264 muy (e 2830). 

3,5-Diethyl-4-methylpyridine.—This base (1-2 g., 88%), b. p. 114—116°/25 mm., was prepared 
in the same manner from the dichloropyridine (V; R = R’ = Et) (2 g.); it had m,”° 1-5119, 
b. p. 239°/758 mm. (Siwoloboff), m. p. ca. —15° (Found: C, 80-5; H, 10-2; N, 9-2. C,9H,,N 
requires C, 80-5; H, 10-1; N, 94%), Amax, 214 (¢ 4870) and 264 my (e 2710). 


We are indebted to Sir Robert Robinson, O.M., F.R.S., for advice and encouragement, and 
to the Gas Council for the award of a Research Scholarship (to J. S. A. B.). 


Dyson PERRINS LABORATORY, OXFORD UNIVERSITY. [Received, October 20th, 1958.] 





510. Metal Complexes of 2-Aminomethylbenzimidazole. 
By H. Irvinc and O. A. WEBER. 


2-Aminomethylbenzimidazole is a diacid base with pK, = 3-46 and 
pk, = 7:96 at py = 1(KCl). With bivalent cations it forms 1:1 and 1:2 
(but not higher) complexes which are less stable than those formed by 
histamine or histidine. The order of increasing stability is: Alkaline 
earths < Fe < Cd < Zn < Co < Ni< Cu. The absorption spectra of the 
copper complexes have been studied. 


WHEN, in 1938, Hughes and Lions prepared 2-aminomethylbenzimidazole (I) they sug- 
gested that it might be a useful reagent for metals,! but it appears never to have been 
.examined from this point of view. Should it react as a bidentate ligand, co-ordination to 
metal must involve the secondary 1-nitrogen atom or the tertiary 3-nitrogen atom. In 
either case the base may be regarded as an N-substituted ethylenediamine and, as such, 


. AN UN 
. Hc? \ HC” \ 
ScHyNH, 1 C+CH,-CHX-NH, a CH 
- HN__/ HC. / 


H . (1) au) } 


(I ; ambi ) 
Histamine, X = H, Histidine, X = CO,H, 


likely to give metal complexes weaker than those of ethylenediamine,? especially as 
benzimidazole is itself a weak base. Any novel or useful analytical features would there- 
fore have to be a consequence of incorporating a benzimidazole residue in the chelating 
ligand. Since the benzimidazole nucleus appears in several metal complexes of biological 
importance (e.g. vitamin B,., “‘ Factor III’’), a quantitative study of the stabilities of 
the metal complexes of 2-aminomethylbenzimidazole was undertaken. 

The dihydrochloride of 2-aminomethylbenzimidazole (I; ambi) was synthesised by 
condensing o-phenylenediamine with hippuric acid? or (more conveniently) with ethyl 
aminoacetate hydrochloride.’ 

1 Hughes and Lions, Proc. Roy. Soc. N.S. Wales, 1938, 71, 209. 


2 Irving and Griffiths, J., 1954, 213. 
3 Lane, J., 1957, 3313. 
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The dissociation constants of the conjugate acids of ambi, defined by K, = 
[H*][H ambi*]/[H, ambi®*] and K, = [H*)}[ambi]/[H ambi*], were determined potentio- 
metrically at 20° in a salt-background of 0-1m-potassium chloride. The stabilities of the 
various metal complexes were measured in the same medium by techniques previously 
described.* Alkaline-earth metals did not appear to form complexes, but formation curves 
for typical bivalent ions are shown in Fig. 1 which gives the experimental points and the 
formation curves calculated from the stability constants (Table 1) which most closely 
represent the experimental data.5 








2:0 oO 
© 


© 


1s 


Fic. 1. Formation curves of metal 
complexes of 2-aminomethylbenz- 
imidazole. ic /-O 






© Cu**. Q@ Ni?*. OCo**. ©@ Zn. P 
@ Cd**. © Fe?**. 


Os 








1 1 
40 50 6-0 7-0 &0 
pl 
From its acid dissociation constants (Table 1), it is clear that ambi is a much weaker 
base than N-methylethylenediamine for which pK, = 7-42 and pK, = 10-36 at 25° (m- 
KCl).6 Other things being equal, its metal complexes would be expected to be less stable, 
and this is shown to be the case in Fig. 2. A closer comparison can be made with histamine 
(II; X = H) which, like ambi, contains an imidazole ring. Histamine is a stronger base 
than ambi, and values of log K, for the chelation of the first molecule of ligand are uniformly 
higher (Table 1) despite the fact that it can form only a six-membered ring whereas ambi 
can form a five-membered ring on chelation. On the other hand, values of log K, for com- 
plexes of the two ligands are very similar, so that while the overall stabilities of the 
histamine complexes (as measured by log 8, = log K,K,) are uniformly higher than those 
of corresponding complexes of ambi, the values of log (K,/K,) are lower for the complexes 
formed by 2-aminomethylbenzimidazole. This suggests that there is little steric hindrance 
to co-ordination from the 4 (or 7) position of ambi and that there is an enhanced stability 
in the systems containing two aromatic rings, possibly through x-bonding. It is 
particularly interesting that imidazole itself (III; R =H), which is a monodentate 
ligand and somewhat less basic than ambi (the pK’s of HL* are 4-09 and 7-69 respectively), 
forms complexes of comparable stability, as may be seen by comparing corresponding 
values of log K,K, (or log K,K,) for the co-ordination of two (or four) molecules of 
imidazole with those of log K, (or log K,) for ambi (Table 1). Here again the greater 
difficulty of co-ordinating the second pair of imidazole molecules (as shown by values of 
log(K,K,/K,K,)) than of co-ordinating the second molecule of ambivis very striking. The 
absence of any marked chelate effect 8 is surprising; measurements with benzimidazole 
itself, now in progress, may help to explain these anomalies. 
Although copper will take up only two molecules of histamine (or histidine), nickel 
forms a definite 1 : 3 complex (Table 1), and in the cobalt system % certainly rises above 2. 








4 Irving, Shelton, and (in part) Evans, J., 1958, 3540. 

5 Irving and Rossotti, J., 1953, 3397. 

6 Basolo and Murmann, J. Amer. Chem. Soc., 1952, '74, 5243. 
7 Schwarzenbach, Helv. Chim. Acta, 1952, 35, 2344. 

8 Irving and Williams, J., 1953, 3192. 
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TABLE 1. Stability of metal complexes formed by derivatives of imidazole. 


2-Aminomethylbenziminazole (I) (pK of H,L?+ = 3-46; pK of HL*t = 7-69) * 
Fe Co Ni Cu Zn Cd 
_ + aa “8 4-51 6-00 8-00 4-44 4-07 
| re 2-5 4-11 5-21 6-42 3-91 3-42 
BIG sedvecensectunsene 6-3 8-62 11-21 14-42 8-35 7-46 
dw) & eee 1-3 0-40 0-79 1-58 0-53 0-65 
Histamine (11; X = H) (pK of H,L*+ = 6-22; pK of HL* = 9-92) ® 
_ | aero —- 5-28 6-94 9-65 —_— —_ 
eae -- 3-70 5-07 6-55 —- -- 
log fk hnciiabawweaasdinbes -— 8-98 > « 12-01 %¢ 16-20% ¢ 8-74 -- 
4 ae _- 1-58 1-87 3-10 ~~ — 
BO hy vesctctccsancsases —_— 2-04 3-12 — — _ 
Histidine (Il; X = CO,H) (pK of H,L?* = 1-82; pK of H,L* = 6-0; pK of HL = 9-20) ¢ 
WRT ceasiscenssvesssic —- 13-86 ¢ 15-9 ¢ 18-33 ° 12-88 ¢ — 
—_ — 15-84/ 19-40/ 11-787 11-19 
Imidazole (III; R = H) (pK of HL* = 4-09) ® 
 £_ SS err — 4:37* 5-49 ° 7°82 %.% 5-014 5-0* 
RM dénccssedeacans -- 2-78 3-33 4-93 4-25 2-7 
log (K,K,/K3K,)_ .-- a 1-59 2-16 2-89 0-78 2:3 


* Present work. Valid for 20° and » = 0-Im(KCl). No correction has been made for the effect 
of competitive complex-formation by chloride ions in the case of cadmium and zinc. 

® Calc. for 20° and » = 0-135m(KCl) by interpolation from data for 0° and 25° (Michel and Andrews, 
J. Amer. Chem. Soc., 1955, 77, 323, 5291). Extrapolation of data for 30° and 50° (Hares, Diss. 
Pennsylvania State College, 1952) gives the following values for ie 0-1mM(KNO,) and 20°: Nickel, 
7:03, 5-06, and 3-21 [log B, = 12-09; log (K,/K,) = 1-97]; cobalt, 5-47, 4-00, and 2-06 [log B, = 9-47; 
log (K,/K,) = 1-47]; zinc, 6-06, 4-86 [log B, = 10-32; log (K,/K.) = 1-20). 

© Albert (Biochem. J., 1952, 50, 690) reports the following values for log B, at 20° and p = 0-015: 
cobalt, 8-7; nickel, 11-7; copper, 16-2. 

@ Albert (loc. cit.). 

* Data for 20° and » = 0-01 from Albert (loc. cit.). 

S Data for 25° and » = 0-15 (KNO,) from Li, Doody, and White (J. Amer. Chem. Soc., 1957, 79, 
5859). 

¢ Data for 25° and » = 0-15(KNO,) from Li and Manning (ibid., 1955, 77, 5285). 

+ Data for 25° and » = 0-J6 from Martin and Edsall (ibid., 1958, 80, 5033), who also report log B, = 
2-90 for manganese. 

* Values for copper at 20° calculated from potentiometric data for 4:5° and 22-5° by Edsall, 
Felsenfeld, Goodman, and Gurd (J. Amer. Chem. Soc., 1954, 76, 3054) are 7-99, 4:97, and 3-02. 

J Calculated values for 20° from data at 4:5° and 24-0° by Edsall et al. (loc. cit.). 

* Calculated value for 20° and » = 0-15mM(KNO,) from data at 15°, 25°, and 35° (Tanford and 
Wagner, J]. Amer. Chem. Soc., 1953, 75, 434). Li, White, and Doody (loc. cit.) report log K,K, = 
5-07 and log K,K, = 2-41 from polarographic measurements at 25°, whence log (K,K,/K,K,) = 2-66. 


However, no evidence for complexes higher than 1 : 2 was found with ambi. It has been 
suggested that high values of log (K,/K,) for complexes of histamine with copper (3-10), 
compared with those for cobalt (1-58) or nickel (0-87), reflect the steric resistance 
to adoption of a square-planar configuration.® A similar maximum can be seen among 
complexes of ambi and imidazole (Table 1). However, such maxima are not necessarily 
due to steric factors: for, since the stability of metal complexes of the ligands referred to 
in this paper, and indeed, with few and predictable exceptions, all other ligands follow the 
Irving—Williams order,’ numerical values of K, reach their greatest value with copper, and 
differences between successive step-constants are also, in general, largest when the constants 
are themselves large. This point is exemplified in the cadmium-—imidazole system 
(Table 1) where the ratio log (K,K,/K,K,) = 2:3 (or 2-66) is comparable with that of 
copper (2-89 or 3-02) although there is no question of a square-planar arrangement in this 
case. Ratios between numerical values of step constants are very sensitive to the precision 
of the individual values as shown by the various data for histamine and imidazole in 
Table 1 (notes 6, 7, and k), and much circumspection is needed in their interpretation in the 
absence of reliable values for the entropy and enthalpy of complex formation. 

By reason of the formation of an additional and five-membered ring, complexes of 

® Michel and Andersen, J. Amer. Chem. Soc., 1955, 71, 5291. 
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histidine (II; X = CO,H) are appreciably more stable than those of histamine (II; X = 
H) although the proton affinities of the two ligands are almost identical. Chelation must, 
for steric reasons, involve the pyridine rather than the remoter pyrrole nitrogen atom 
although Li, Doody, and White advanced additional reasons based on a study of the 
stability of metal complexes of histidine methyl ester. The five-membered chelate rings 
formed by ambi could engage a heterocyclic nitrogen atom in either position 1 or position 3. 
That (in the absence of tautomerism) the pyridine nitrogen atom is most probably involved 
follows from the observation that copper complexes of imidazole (III; R=H; pK = 
7-1) and 1-methylimidazole (III; R= Me, pK = 7-2) are of almost identical stability 


Fic. 3. Absorption spectra of cupric com- 

Fic. 2. Comparison of the stability plexes of 2-aminomethylbenzimidazole. 
constants of 2-aminomethylbenz- 
iminazole (OQ) with those of 0-6 
imidazole (@), histamine (@), 
and N-methylethylenediamine (@). 
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(log ®, = 12-72 and 12-68 respectively). Had co-ordination involved the pyrrole 
nitrogen atom, steric hindrance to co-ordination caused by the methyl group would 
surely have lowered the stability. 

Fig. 3 shows the absorption spectra of blue solutions formed by mixtures of 0-002M- 
cupric sulphate containing various proportions of ambi at pH 4-5. When the ratio 
{ambi] : [Cu®*] is increased from 10: 1 to 12: 1 no further change occurs in the absorption 
spectrum which is that of the complex ion Cu(ambi),?* and for which « = 78 at Amax. 620 mu. 
The gradual displacement of the maximum to longer wavelengths, and the decrease in 
intensity shown in curves 4, 3, 2, and 1 are due to progressive displacement of Cu(ambi),?* 
by Cu(ambi)?* and Cu®*. For equimolar quantities of the components (Fig. 3, curve 1), 
calculations from the stability constants given in Table 1 and the parameters Campi = 
Cou+ = 0-002mM, and pH = 4:5, lead to the values pL = 3-40 and = 0-800, showing 
that this absorption curve is that of a mixture of 8-3% of the 2: 1 complex, 65-2% of the 
1: 1 complex, and 26-5% of Cu®*+. Subtracting the contributions due to Cu(ambi),?* and 
Cu?* gave the curve shown by the brokea line in Fig. 3, whence for the 1 : 1 complex c= 
52 at Amax, 702 my. Regularities in the spectra of copper complexes of ammonia,™ 

10 Li, Doody, and White, J]. Amer. Chem. Soc., 1957, 79, 5859. 


11 Li, White, and Doody, ibid., 1954, 76, 6219. 
12 Bjerrum, Ballhausen, and Jorgensen, Acta Chem. Scand., 1954, 8, 1275. 
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ethylenediamine (en),!* 2-aminomethylbenzimidazole (ambi), and NN’-dimethylethylene- 
diamine (dimen)? are shown in Table 2. 


TABLE 2. Absorption spectra of some copper—amine complexes. 


2NH,; (cis) en ambi dimen 
a ae ere re, Cone De 30 37-5 52 54:3 
| TERS ERSTE RS 680 670 702 700 
4NH, 2en 2ambi 2dimen 
NE ee ee ee 54 63 78 107 
Maddie’ “pataxuntncinmRadiosceiiobaiensces 590 550 620 575 
EXPERIMENTAL 


Reagents.—2-Aminomethylbenzimidazole (I) was prepared as its dihydrochloride +* which 
was purified by repeated recrystallisation from boiling alcohol in which it is sparingly soluble. 
It formed colourless needles, m. p. 253° (decomp.) [Found: C, 43-55; H, 5-1; N, 19-1; Cl, 
32:1%; M (titration), 219-8. Calc. for C,H,N;,2HCl: C, 43-65; H, 5-0; N, 19-1; Cl, 32-2%; 
M, 220-1). 

TABLE 3. 


(i) Reagent alone. C (for ambi,2HCl) = 1-5 x 10°%. Initial vol., 50 ml. 


KOH (ml.) pH KOH (ml.) pH KOH (ml.) pH KOH (ml.) pH 
0-02 3-34 0-08 3-62 0-22 7-20 0-28 7-85 
0-03 3-38 0-09 3-70 0-23 7-32 0-29 7-94 
0-04 3-42 0-10 3°77 0-24 7-43 0-30 8-02 
0-05 3-46 0-11 3:86 0-25 7-55 0-31 8-12 
0-06 3-52 0-12 3-97 0-26 7-65 0-32 8-24 
0-07 3-57 0-20 6-81 0-27 7-75 0-33 8-35 


The initial volume in all titrations with metals was 50 ml. and the concentrations of metal and 
ligand (ambi,2HCl) were 0-00075m and 0-0015m respectively. 


n pL n pL n pL n pL 

(ii) Copper. 
0-184 8-59 0-964 7-23 1-488 6-37 1-865 5-94 
0-390 8-18 1-110 6-97 1-609 6-23 1-909 5-86 
0-614 7-84 1-234 6-75 1-743 6-16 1-921 5-82 
0-768 7-51 1-358 6-54 1-805 6-05 1-949 5-63 

(iii) Nickel. 
0-138 7-32 0-481 6-17 1-241 5-44 1-659 4-75 
0-152 6-97 0-669 5-96 1-365 5:27 1-691 4-62 
0-188 6-66 0-860 5-77 1-449 5-08 1-773 4-54 
0-338 6-41 1-050 5-60 1-548 4-93 

(iv) Cobalt. 
0-044 6-34 0-157 5-31 0-772 4-49 1-377 3-98 
0-063 6-06 0-271 5-08 0-986 4-33 1-495 3-83 
0-086 5:80 0-409 4-87 1-186 4-20 
0-110 5-55 0-598 4-67 1-309 4-05 

(v) Zine. 
0-040 6-34 0-157 5-31 0-678 4-46 1-354 3-89 
0-042 6-06 0-248 5-08 0-890 4-29 1-457 3-79 
0-065 5-80 0-364 4-85 1-060 4-14 
0-088 5-54 0-529 4-58 1-200 3-99 
(vi) Cadmium. 
0-044 5-53 0-276 4-58 0-873 3-84 1-207 3-53 
0-067 5-29 0-398 4-38 1-046 3-72 1-314 3°46 
0-113 5-05 0-577 4-18 1-084 3-57 
0-182 4-81 0-682 3-99 
(vii) Ivon (ferrous). 

0-059 5-29 0-188 4-56 0-404 3°91 0-633 3-56 
0-103 5-04 0-266 4-34 0-502 3-72 0-780 3-44 
0-105 4-80 0-359 4:12 
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“* AnalaR ”’ specimens of metal salts were used and de-ionised water was employed in mak- 
ing up all solutions. 

Titration Procedure.—Solutions of the dihydrochloride with added acid and/or metal cations 
of initial known concentrations Cp, Ca, and Cy were made up in a total volume of 50 or 100 ml. 
with the addition of sufficient potassium chloride to give an ionic strength of 0-1m. Titrations 
at 20-0° (thermostat) were carried out potentiometrically with a solution of 0-424m-potassium 
hydroxide (carbonate-free) in 0-lmM-potassium chloride, with a hydrogen electrode and a 
silver/silver chloride reference electrode. Details of the procedure have already been given.* 
Measurements with metals were made (also at 20-0° and u = 0-1m-potassium chloride) with a 
glass electrode and a calomel reference electrode. A redetermination of the dissociation 
constants of the two ligand acids H,B?* and HB* by means of this system agreed exactly with 
the values previously obtained. Values of K, and K, were calculated from the expressions: 


1/K, = {(1 — R)/R[H*}} + {(2 — R)K,/R{H*} 
and K, = {(R — 1)[H*)/(2 — R)} + {R[H*}2/(2 — R)K}} 


by successive approximations, where R = {{H*] + [K*] + [OH7}}/C (for ambi,2HC)). 

The degree of formation, n, of the metal-ligand systems at various free-ligand con- 
centrations defined by pL = — log,fambil]s,.. was calculated from the relevant titration curves 
by the usual procedure.’ The results of typical titrations are tabulated. 

Absorption Spectra of Copper Complexes.—Stock solutions of 0-02mM-copper sulphate and 
0-1m-ambi were mixed to give solutions in which [Cu?*] = 0-002M and the ratio [Cu®*] : [ambi] 
was 1:0, 1:1, 1:3, 1:5, 1:10, and 1:12 respectively. The pH was adjusted to 4-5. 
Absorption curves (Fig. 3) were measured between 450 and 900 my with a Unicam, S.P. 500 
spectrophotometer with matched 4 cm. cells. 


One of us (O. A. W.) is indebted to the World Health Organisation and to the Medical 
Research Council for generous financial assistance. 
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511. Observations on Job’s Method of Continuous Variations 
and its Extension to Two-phase Systems. 


By H. Irvine and T. B. PIERCE. 


The principle of Job’s method of continuous variations“can be extended 
with advantage to a two-phase system provided the complex under investig- 
ation is uncharged and extractable into a water-immiscible solvent. By this 
new procedure it is possible to establish the composition of comparatively 
weak complexes in the presence of intermediate step-complexes and, if a 
radioactive isotope of the metal is available, the measurements can be 
extended to colourless complexes and to the study of a coloured complex in 
the presence of a similarly coloured and extractable organic reagent. 

That the formulz deduced from experimental Job curves may be in error 
if the total concentration of reactants is too low or not maintained constant, 
or if the effect of intermediate complexes cannot be neglected, is examined 
mathematically and illustrated for typical systems. Working with two- 
phase systems reduces these errors. Reference is made to the possibility of 
gross error in calculating stability constants from Job curves. 


THE method of continuous variations, first enunciated by Job } and treated in great detail 
by Vosburgh and Cooper,? is one of the most widely used procedures for determining the 
composition of a soluble metal complex formed in solution from a metal M and ligand L 


1 Job, Ann. Chim. (France), 1928, 9, 113. 
2 Vosburgh and Cooper, J. Amer. Chem. Soc., 1941, 68, 437. 
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(charges are omitted for the sake of generality). To facilitate the subsequent discussion 
the basic procedure will be recapitulated. 

Mixtures of M and L are prepared in various proportions subject to the condition that 
the total molecular concentration of the two components should remain constant. For 
each mixture some property characterising the complex ML, (e.g. its optical absorbancy) 
is determined and from this is subtracted the corresponding quantity calculated on the 
assumption that no complex formation has taken place. A plot of the resulting value (the 
Job ordinate, Aj) against the mole fraction of one component will have an extremum 
from which the actual composition of the complex is readily calculable. Thus for the 
reaction: 


M a eL~wmML, ..... @ 
(i) if there is no reaction, xC (1 — x)C 0 
(ii) at equilibrium (x—a)C (l—x—na)C aC 


The value of the characteristic ordinate, A;, is then given by 


Aj = {(% — a)Cey + (1 — x — na)Cey, + «Cec} — {xCey + (1 — x)Cez} 
co (eg — i-— ney, aC ° (2) 


where ey, ¢,, and eg are the molecular extinction coefficients of the species M, L, and ML, 
respectively, and a light-path of 1 cm. is assumed. It follows that: 


0Aj/ 0x — Cleo — &— ney) (Ox/ Ax) 
= Constant x (é«/éx) 


and that the position of the extremum in the Job plot will be most readily determined 
when ¢¢ is large compared with ey and e,. If the stability constant for the complex is 
defined by 8, = [ML,]/[M)[L}", logarithmic differentiation and insertion of the condition 
éx/@x = 0 leads at once to the desired result : 


x=I1f(l+n),orm=(l—x)/x . . . . . . (3) 
at the turning point. 

Extension to a Two-phase System.—One essential requirement of the procedure out- 
lined above is that the system should be homogeneous. In many cases this is impracticable. 
For although the metal cation will be soluble in water but not in organic solvents, the 
reverse is often true of the ligand, more especially when this is a large organic molecule : 
many metal inner complexes are very sparingly soluble in water though soluble in organic 
solvents. To overcome these difficulties mixtures of solvents (e.g., water-methanol- 
chloroform) have been used to provide a single phase, but the low solubility of the metallic 
inner complex has often proved the limiting factor. It would clearly be of considerable 
general value if Job’s method could be applied to a two-phase system. Although this 
has been tried practically and with apparent success * no theoretical justification for the 
procedure has yet been put forward. 

Consider a reagent, HL (e.g., oxine or dithizone), capable of partition between water 
and an organic solvent: allow it to react with a metal cation, M, to give an uncharged 
complex, ML,, which can itself be extracted into the organic phase. At equilibrium the 
system can be represented diagrammatically thus: 

a"* + ett == ML, «+ of 


Aqueous phase n 


Organic phase 





to 


3 Irving, Bell, and Williams, J., 1952, 357. 
* Pilipenko, J. Analyt. Chem. (U.S.S.R.), 1953, 8, 317. 
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Partition coefficients for the reagent (pg) and uncharged metal complex (fc) are 
defined by: 
pr = (HL],/[HL], and po = [ML »}o/[{ML»] 


where the subscript o distinguishes the organic from the aqueous phase. We assume that 
the system as a whole contains xC moles of metal and (1 — x)C moles of the reagent, HL, 
which is the acid conjugate to the ligand ion, L-. The reagent may be added initially in 
the form of a solution in the organic solvent. The metal ion will, of course, be present 
initially in the aqueous phase which must be buffered to ensure constancy of pH and 
should preferably have a constant salt background to preserve constant ionic strength, in 
default of which the application of the law of mass action to the system may be invalidated.® 
For simplicity we postulate that the solvents are completely immiscible and that the 
volumes of aqueous and organic phases are equal. 

Provided that there are no intermediate step-complexes ® such as ML; (j ~ m), or more 
complex species such as H,M,,L; and their hydrolysis products,* the concentration of the 
unique extractable complex ML, in the aqueous phase after equilibration will be denoted 
by «C. The concentration in the organic phase will then be [ML,], = «Cpo. Consider- 
ations of mass balance lead to the following equations: 


xC =(M"*]+(ML,J+(ML} ....... 


and (1 — x)C = [HL] + [HL], + »[ML,] +[ML,), . . . . (5) 
whence [M"*]=x*C—oC(l+fo)- . ». «© © «© © «© « ~ (6) 
and [HL] = {(1 — xC — naC(1 + po} + px). - - + (7) 


If the equilibrium constant for the reaction taking place in the aqueous phase is 
defined by: 
K. = (ML, )[H*)"/(M**)[HL* . . .... . (8%) 


then by substituting [ML,] = «C, and values for [M"*] and [HL] from equations (6) and (7), 
we obtain : 
, oC(L+ pr)"(H* . « al 
‘= GC — aC + po} — a)C — naC(l + po)}" 


Differentiation gives: 








(2e%) =0= 3 (+ po), __ (1 + fo) _ \ 
Ox pH dx|a " x—a(l+fo) ' 1—x— na(l-+ fo) 
“ssn tren: * 
If A; is the absorbancy of the complex ML, in a 1 cm. layer of the organic phase, then: 
Ay= [MLalto= Choo . - - se ~ © (il) 
whence dAj;/dx = Cphoec(da/dx) . . . . . « « « (12) 
Maximum absorbancy will occur when dA/dx = 0, whence da/dx = 0 at the extremum. 
Inserting this condition into equation (10) gives: . 
x=I1f(l+m)orm=(l—x)/x . . . . . . (3) 


as before. Hence with 1:1, 1:2, and 1:3 complexes the extremum will occur when x = 
0-5, 0-33, and 0-25 respectively, just as in the familiar method of continuous variations 
applied to a homogeneous system.) In this extension of Job’s method the most sensitive 
wavelength at which to carry out measurements will be that for which eo is greatest. 


5 Woldbye, Acta Chem. Scand., 1955, 9, 299. 
® Irving, Rossotti, and Williams, J., 1955, 1906. 
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Measurements at High pH and with a Coloured Reagent.—If the pH of the aqueous 
phase is high enough a substantial proportion of the reagent may be transferred from the 
organic to the aqueous phase and it will be necessary to take into account the con- 
centration of the free ligand ion, L~. Equations (5) and (7) now take the form: 


(1 — x)C = [HL] + [HL], + »[ML,] + m[ML,],+ [LJ]. . . (5a) 
and [HL] = (1 — x)C — naC(1 + po)/{1 + pr + (Kei[H*})}. . ~ (Ta) 


where Ky = [H*][L7]/{HL}. 

The reagent itself may be coloured (with a molecular extinction coefficient of ¢,) and it 
is necessary to examine what effect this will have on the condition for the extremum. 
The actual absorbancy in a 1 cm. layer of the organic phase will be given by: 


A = [MLy].eo + [HL].ex 


a (1 — x)C — naC(1 + po 
edad { I+ fa + (Kell) }e m 








and by subtracting the contribution 
(1 — x)Cpnen/{l + px + (Ke/[H*))} 


which would have been given by the reagent had no complex formation taken place, we 
arrive at: 


A; = aC[poeo — n(1 + fo)Prer/{l + Pr + (Kn/(H*))}) . . (11a) 


Thus, as before, @A;/0x = constant x (da/2@x). 

If the corrected value for [HL] from equation (7a) is introduced into equation (8), 
differentiation and insertion of the condition for an extremum, @«/@x = 0, lead at once to 
equation (3), showing that the theory of the simple Job method is equally applicable to 
these more complicated systems. 

Since both og and pz > 1, equation (11a) may be simplified to: 


Aj = aCpofeo — neg/{1 + (Kn/Pa{H*))}) 


which suggests the possibility of working at wavelengths such that eg > eg or eg > €¢ for 
maximum sensitivity in locating the extremum. 

Location of the Extremum Radiometrically.—As already stated, the value of the Job 
ordinate, Aj, is derived from some convenient and distinctive property of the complex 
ML, whose composition is under investigation. Optical absorbancy has been most often 
used and it is essential to choose a wavelength for which eg > ey, ez, enn, and eyz, 
(j #4 n). Even so, the contribution to the total absorbancy from intermediate complexes, 
ML; (j 4 ) may be appreciable when the mole fraction of metal is large compared with 
that of the ligand. This adverse feature is absent from the two-phase modification of 
Job’s procedure since only the formally neutral complex ML, is present in the organic 
phase. Moreover, advantage can be taken of the great gain in sensitivity in locating the 
extremum secured by labelling the metal with a highly radioactive nuclide. Fig. 1 shows 
how the activity in the two phases varies with x. 

Fig. 1 shows that the activity of the aqueous phase increases very slowly at first with 
x since most of the metal is being extracted into the organic phase as the radioactive 
complex, ML,. Once the value of x exceeds 1/(1 + m), the activity rises rapidly, as 
shown in curve B. On the other hand the activity of the organic phase rises steeply with x 
until the extremum at x = 1/(1 + m) and then falls steeply as shown by curve C. The 
maximum is well defined and its location can be ascertained independently of the optical 
absorption of the possible components of the system. Indeed, by this modification 
Job’s method of continuous variations can be applied to systems in which all the reactants 
and products are optically transparent. 
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Errors in Concentration Measurements.—A fundamental postulate in the method of 
continuous variations is that the total molar concentration of metal and ligand should 
remain the same while x is varied. This is usually met by examining mixtures prepared 
from xV ml. of a stock solution of metal with (1 — x)V ml. of a stock solution of ligand of 
exactly the same molarity. We now propose to consider what errors will be introduced if 
these two stock solutions are not equimolar, but of concentrations C and C’ respectively. 


Fic. 1, Location of the extremum radiometrically 


in the application of the method of continuous A 
variations to a two-phase system. > 8 
> 
A, total activity; B, activity in the aqueous phase; a 
C, activity in the organic phase. bd 
Cc 
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x= i{(i+n) 


In a one-phase system, where the concentration of the complex at equilibrium is 
assumed to be given by [ML,] = «C’, it is easily shown that: 





8, = [ML,]/[M)[L]" = «C’/(xC — aC’){(1 — x)C’ — maC’}" . . (13) 
By differentiation and insertion of the condition, @«/@x = 0 for the extremum, we find : 
n = (1 — x)/{x — a(C’ — C)/C} 


ey 1 n (C’ —C) 
*= aya) tase) C -o tes aq 
Similarly, in the two-phase system, if [ML,] = «C’ and [ML,], = foxC’, then: 
nm = (1 — x)/{x — a(l + po)(C’ — C)/C} 


-a+py- SA .e 2. . BH 





or 1 n 
*= (+m * +m) 
Equations (3a) and (3b) reduce to equation (3) when C = C’. In the single-phase system 
a >> 1. In the two-phase system the partition coefficient fp > 1, but the product 
a(1 + fc) cannot exceed unity. In both cases the error in the position of the extremum 
will therefore be determined by the product {n/(m + 1)} x {(C’ — C)/C}. Ifa 10% error 
in the concentration of one of the supposedly equimolecular stock solutions is assumed, the 
maximum range of x values for the extremum could lie between 0-55 and 0-45 for a 1:1 
complex, between 0-40 and 0-27 for a 2:1 complex, and between 0-325 and 0-175 for a 
3:1 complex. Thus, even with a systematic error of 10% in making up one of the stock 
solutions there is little chance of wrongly identifying a 1 : 1 complex from the position of 
the extremum in a Job plot. But incorrect conclusions might easily be drawn when 2: 1 
or 3: 1 (or higher) complexes are involved, depending on which of the two stock solutions 
was the stronger. 
The Effect of Intermediate Complexes.—Up to this point we have assumed that the 
complex ML, is in direct equilibrium with M and L, i.e., that intermediate step-complexes 
ML; (j = 1,2,...%” — 1) or higher complexes (j = » + 1, n + 2,...) are present only in 
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negligible concentrations. By a careful choice of wavelengths it has been possible in some 
cases to establish the composition of more than one step-complex in an equilibrium 
mixture.*® An obvious restriction is that each step-complex must have a sufficiently 
wide range of existence; more explicitly, the concentration of metal and ligand must be 
such that the range of values of the free-ligand concentration covered by the Job curve 
(and more particularly in the neighbourhood of the extremum) should be such that the 


corresponding value of the degree of formation of the system, m, should approximate to 
that of in the formula ML, of the complex under investigation. In brief, the relevant 
values of [L] should correspond with a plateau or at least a gently rising portion of the 


formation curve (m against /L) where ML, is the predominant species. Failure to realise 
this condition has led a number of previous workers to draw erroneous conclusions from 
experimental Job curves.® 

It will be obvious that errors due to ignoring the presence of intermediate complexes 
will be greatest when the complex under investigation is extensively dissociated and where 
the lower complexes are of comparable stability, 7.e., when the successive stability constants 
K,, Kg,... are of comparable size and not too large. Although it is impossible to formulate 
explicit equations for the errors caused by neglecting the effect of lower complexes, even in 
the simple case where = 2, some insight may be gained by considering particular cases. 

Consider the application of the method of continuous variations to a homogeneous 
system in which the complex ML, coexists with ML, M, and L. If the total concentration 
of reactants, C = 10°m, and K, = [ML}/[M][L] = 10° and K, = [ML,]/[ML)[L] = 10, 
it is possible to calculate conjugate values of [L], m, and x from the following equations: 


BL] + 28,{LP _5_ G&—I[L)_ (l—4)c — {1} (14) 
1 + 8,[L] + 8@,[L}? Cy xC ~ 
Differentiation of equation (14) yields: 


dx/A{L] = —{1 + xC(dnja{L)}/C@ + 1) 


from which it is clear that as x increases, since dn/d{L] is always positive, both [L] and 
will decrease monotonically (cf. Fig. 2, curve E). 
The actual concentration of the complex ML, is given by: 


[ML] = 6,{M)[L} 
= K,K,{L}?. xC/(1 + K,{L] + K,K,{L}’) 


and, with an optimum choice of wavelength, the value of the Job ordinate, Aj, will be 
proportional to this. The results of such calculations are presented diagrammatically in 
Fig. 2 (Curve A). As might have been expected, even on the ligand-rich side of the graph 
(x < 1/3), the degree of formation of the system is very much below 2 and the con- 
centration of lower complex ML and of free metal ions M cannot validly be neglected. 


When the metal is in excess (x —» 1) the degree of formation, 7, falls off steeply and the 
Job curve is markedly distorted. But of greater significance is the striking result that the 
maximum of the Job plot occurs when x = 0-27, from which the erroneous conclusion 
would be drawn that the complex had the composition ML, and not M1. 

If the method of continuous variations had been applied to the same system with 
solutions ten times as strong (C = 10m), calculations on similar lines lead to the data 
plotted as curve B in Fig. 2. Here the degree of formation is much higher (about 1-67) in 
the neighbourhood of the extremum; but, although this occurs at a higher mole fraction 
of metal (x = 0-301), this fraction lies between the values expected for a 1:2 complex 
(x = 0-333) and a 1:3 complex (x =.0:250) and the choice in practice would be still 
harder owing to the inevitable experimental uncertainty in measuring absorbancies. 
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One way of raising the proportion of ML, in the equilibrium mixture is to increase the 
concentration. Curve C in Fig. 2 is based on data obtained by calculations for the same 
system as before with solutions of total concentration, C= 10%m. In this case the 
extremum is found at x = 0-321, pointing unequivocably to a 1:2 complex. At this 
point the degree of formation is as high as 1-88 and about 90% of the total metal is present 
as the complex M1 ,. 

We now consider the application of the method of continuous variations to the same 
system of metal complexes but postulating that the uncharged species ML, can be solvent- 
extracted into an organic phase. 


pl =-log,, (LJ 





Fic. 2. Calculated degrees of formation, n, as a 
function of the mole fraction, x, of metal in 
systems for which log B, = 5 and log Bf, = 8. 

The total concentration of metal ligand for curves 
A, B, and Cis 10°, 10-?, and 10 respectively. 

Curve D presents data for a two-phase system at a 
total concentration of 10-*m where the partition 
coefficient of the species ML, is 999. 

Curve E is the formation curve (n versus = 70 
pL = — logy[L]) for the single-phase system 
corresponding to curve A. 

The vertical lines cutting curves A, B, and C show 
where the extrema would have occurred in a. Job 
plot (cf. Fig. 3). 
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If V, V, are the volumes of the aqueous and the organic phase respectively, and C, x, 
and # are defined as before, considerations of mass balance lead to the following equations : 


(1 — x)CV = ({L] + [ML] + 2[ML,])V + 2[ML,},V, 
and xCV = ({M] + [ML] + [ML,])V + [ML,],V, 


for the case where ML, is the extractable complex. Similar equations may be written 
for more complex systems. For equal phase volumes, V = Vg, and it follows that: 
— Total concentration of bound ligand 
"~~ Total concentration of bound metal 
(L—x)C —[L} _ _B,{L] + 2(1 + po)8.{L} 
xC 1 + B,[L] + (1 + po)SeiL}? 


Equation (14a) is identical in form with equation (14); the only difference is that 6, has 
been replaced by 8,(1 + fc). In other words, the degree of formation of the system as a 
whole corresponds to that which would result had the stability constant of the highest 
complex been increased by a factor (1 + fc). Since the percentage of any complex, MLj, 
is given by the quotient @;[{L}//(1 + 8,{L] + 6,[L]* + ... 8,[L]"), the effect of increasing 
the value of 8, (relative to those of 8, 8, etc.) is to decrease the proportion of lower 
complexes ML; (j < ) relative to that of ML, itself, so that such systems approach more 
and more closely to the ideal case postulated in the simplified treatment of the method of 
continuous variations and represented by equation (1). Since the effect of solvent 
extraction is equivalent to increasing the important overall constant 8, for the complex 
ML,, by the factor (1 + fo), the extension of Job’s method to two-phase systems should 
have the further advantage that the position of the extremum should correspond more 


(14a) 
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closely to the theoretical value, so that the possibilities of incorrect deductions should be 
diminished. 

We illustrate this for calculations for a two-phase system with 8, = 10°, 6, = 108, and 
C = 10°, assuming the reasonable value of op = 999 for the partition coefficient of the 
complex ML,. The results are plotted as curve D in Fig. 3. The extremum is well defined 
and corresponds exactly with the formation of a 1:2 complex. It will be recalled that the 
Job curve for this system at the same concentration in a single phase (Fig. 3, A) would 
have suggested a 1:3 complex. At the extremum the degree of formation of the system 
(as a whole) is 1-94, appreciably higher than in the case of solutions even 100 times as 
strong (Fig. 2, curve C) in a monophase. However, since the unique extractable species 
has the formula ML,, the degree of formation in the organic phase is always two, so that 
the effective degree of formation in the aqueous phase is actually decreased in consequence 
of solvent extraction which alway removes twice as much ligand as metal. 

That curves obtained by applying the method of continuous variations to a two-phase 
system may yet lead to the correct conclusions even though the degree of formation is very 
low can be illustrated by the rather extreme case presented by the solvent extraction of a 
metal complex (e.g., a metal—dithizone complex) for which we postulate 8, = 10°, 6, = 
10, and 6, = 10". The total concentration of reactants is assumed to be as low as 
10m and the partition coefficient of the complex, fp = 7 x 10°, and that of the reagent, 
pr =7 X 104, both strongly favour the organic phase. We further postulate that the 
acid, HL, conjugate to the ligand is a weak one with Kz = 10%, and that the aqueous 
phase is buffered at pH 5. The equations characterising this system will be: 

(1 — x)¢ — [L){l + (1 + pe) [H*V/K} _ > _ LL) + 28,{L]* + 38,(L]°(1 + po) 

“C 1+ BL] + BLL}? + [L851 + po) 


and [ML,] = xC8,[L]"/{1 + 8,{L] + B{L]}? + B3[L]9(1 + po)} 


Since pH = pKx +- 1, 90% of the uncomplexed ligand acid in the aqueous phase will be 
in the form of free ions, L; but the actual concentration will be very low because pp is so 
large, in consequence of which the bulk of the uncomplexed reagent remains in the organic 
phase. Notwithstanding, the results calculated and plotted in Fig. 4 indicate clearly that 
the maximum concentration of the species ML, in the organic phase does occur when 
x = 0°33. 

It is of interest that if one of the intermediate species had been coloured it would have 
been possible to apply the ordinary Job procedure to the aqueous phase at the same time 
in order to establish its composition. 

In the two-phase systems, the decrease in free ligand concentration due to the extraction 
of the ligand acid into the organic phase is compensated by the apparent increase in the 
stability constant from its true value §, to its “ effective ’’ value 8,(1 + ce) which produces 
a great increase in the degree of formation of the species ML, (relative to that in a mono- 
phase with the same free-ligand concentration) and causes the system to approach more 
closely to the ideal case postulated in equation (1). 

Had the equilibria discussed above been established in a monophase (so that po = pr = 
0 in the relevant equations) the degree of formation in the aqueous phase at equal values 
of x would be found to be higher than that in the aqueous phase of the preceding case. 
However, the way in which the concentrations of the species ML, ML,, and ML, now vary 
with x is shown in Fig. 5, and it is clear that if the method of continuous variations had 
been used to ascertain their composition the species ML, could have been identified as a 
5: 1 complex and the species ML, as a 2: 1 complex. 

Calculation of Stability Constants from Job Curves.—The Job curve for a 1 : 1 complex 
has its extremum when x = 0-5, and the degree of flattening in this neighbourhood is a 
measure of the extent of its dissociation into the components M and L. Indeed the ratio 
of the measured value of A; at the extremum to the value obtained by the intersection of 
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the tangents at x = 0 and x = 1 forms an accurate measure of the concentration term 
[ML], whence [M] = [L] can be calculated and thence the stability constant.’ Although 
this treatment is rigorous when applied to systems in which only a 1 : 1 complex is formed 
it should be obvious from the foregoing discussion that it cannot validly be extended to 


Variations and its Extension to Two-phase Systems. 
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Fic. 4. The variation in the concentrations of the $ 
species ML, ML,, and ML, in the aqueous phase i) 
of the two-phase system described in the text. = 

The ordinates of curves A, B, and C must be . 
multiplied by 0-77 x 107, 104, and 10" respec- . 
tively togive the actual concentrations of the species S 
ML, ML,, and MI. ad 

otal 1 i SA 
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Fic. 3. The method of continuous varia- te ; 
tions applied to the metal complexes Fic. 5. The method of continuous variations 
treated in Fig. 2. applied in a monophase to the system treated 

Curves A, B, and C apply to systems with __in Fig. 4. : 
total concentrations of 10-*, 10-*, and The ovdinates of the curves A, B, and C must be 
101m. Curve D refers to a two-phase multiplied by 2-5 x 10-5, 2-5 x 10-*, and 10-8 
system at a total concentration of 10-8. respectively to give the actual concentrations of 
The vertical lines show where the ex- the species ML, ML,, and ML. 
tvema should occur theoretically. - 7} 
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calculations of the stability of higher complexes ML,, MLz, etc., unless it is possible to 
demonstrate that lower complexes do not contribute materially to the equilibrium mixture, 
t.é., unless B,, Bo,...< Bn. The geometric construction needed to obtain the value of the 
Job ordinate corresponding to no dissociation (e.g., by drawing tarigents to the curve at 
x = 0 and x = 1) may be subject to considerable error, especially on the ligand-rich side 
of the diagram (cf. Figs. 3 and 5). Confronted with this difficulty some authors have 
identified the ‘ theoretical ’’ value of Aj, corresponding to no dissociation of the complex 
ML,, with the point of intersection of the tangent to the Job curve at x = 0 (since this is 
usually well defined) and the ordinate through x = 1/(1 + ). Unless the extremum of 
the Job curve also coincides with this value of x, the ratio of the experimental to the 


7 Schwarzenbach, Helv. Chim. Acta, 1949, $2, 839. 
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calculated value of A; will not give a correct measure of the concentration of the species 
ML,. In any case, for any value of 8, computed from this ratio alone it is tacitly assumed 
that all lower complexes are of negligible stability. These objections do not appear to be 
generally appreciated, as may be seen from a number of publications in recent years.5 


THE INORGANIC CHEMISTRY LABORATORY, 
SoutH Parks Roap, OxForRD. [Received, February 24th, 1959.] 


512. The Structure of pseudoMorphine. 
By K. W. BENTLEY and S. F. DYKE. 


pseudoMorphine has been shown to be 2: 2’-bimorphine. The chemistry 
and spectral properties of the base and its derivatives are discussed in the 
light of this finding. 


THE oxidation of morphine (I; R = H) by a variety of reagents affords pseuwdomorphine ! 
which has been shown to be a bimolecular base, though the mode of union of the two 
morphine molecules has never been satisfactorily determined. The fact that the base 
gives a tetra-acetate * and a monomethy]l ether triacetate and tribenzoate ® indicates that 
it contains four hydroxyl groups and therefore the oxidative coupling of the two units 


NMe 


(111) 





(IV) (V) 


through oxygen can be discounted, as can a union of the type (II), or a variant of this; the 
latter type of union is also ruled out by the fact that the infrared spectrum of pseudo- 
morphine shows no carbonyl absorption band. Serious consideration can therefore be 
given only to a 2: 2’-union (IV; R = H) resulting from pairing of two radicals of the type 
(III) or a 1: 2’-union (V; R = H) arising from the substitution of the radical (III) in the 
1-position of the morphine molecule, a view supported by the ultraviolet spectrum of the 
base (Fig. 1) which shows that aromatic nuclei of the two morphine units are conjugated. 
1 See Bentley, ‘‘ The Chemistry of the Morphine Alkaloids,” The Clarendon Press, Oxford, 1954. 


2 Nadler, Bull. Soc. chim. France, 1874, 21,326; Danckwort, Arch. Phayrm., 1890, 228, 572. 
® Vongerichten, Annalen, 1896, 294, 206. 
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Vongerichten * stated that bromomorphine cannot be oxidised to a bimolecular base of 
the pseudomorphine type, and this was held to indicate that pseudomorphine is 2 : 2’-bi- 
morphine, as the bromine atom in bromomorphine was at that time believed to occupy 
position 2; it is now known ® to occupy position 1, and oxidation of bromomorphine to a 
bimolecular base should be possible if psewdomorphine is 2: 2’-bimorphine. Indeed, if the 
oxidation could be accomplished and shown to give a dibromo-bimolecular base this could 
only have the structure (IV; R = H), whether radical pairing or radical substitution was 
involved since a 1:2’-union could only give a monobromo-bimolecular base by the 
expulsion of a bromine atom. 

We have successfully oxidised 1-bromodihydromorphine with alkaline potassium 
ferricyanide at 80° and shown that the product is identical with dibromotetrahydropseudo- 
morphine (V; R = Br), prepared by the bromination of tetrahydropseudomorphine [VI; 


Fie. 1. Fic. 2. 
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Fic. 1. Absorption spectva of (A) pseudomorphine, (B) morphine, (C) pseudomorphine dimethyl ether, 
(D) pseudomorphine tetra-acetate, and (E) dibromotetrahydropseudomorphine, all in MeOH. 


Fic. 2. Absorption spectra of (A) pseudomorphine in MeOH, (B) pseudomorphine in MeEOH-KOH, 
(C) tetrahydropseudomorphine in MeOQH-KOH, and (D) morphine in MeEOQH-KOH. 


R = H)] (obtained by the oxidation of dihydromorphine), the infrared spectra of the two 
bases in paraffin paste being identical over the range 4000—400 cm.. Analytical data of 
both specimens establish the presence of the two bromine atoms. psewdoMorphine must 
therefore be 2: 2’-bimorphine. The reduced compounds were selected for this investig- 
ation to avoid the complications that would arise from the bromination of the double bonds 
in pseudomorphine. 

The assignment of the structure (V; R = Br) to dibromotetrahydropseudomorphine is 
supported by the infrared spectra of this base and related compounds. All the pseudo- 
morphine derivatives examined show a band in the region 870—890 cm.* attributable to 
the out-of-plane aromatic C-H deformation, except dibromotetrahydropseudomorphine 
which has no free nuclear position. A second band in the region 1714—694 cm. in the 
spectra of pseudomorphine, tetrahydropseudomorphine, and 1-bromomorphine may also 
be due to aromatic C-H vibrations, and dibromotetrahydropseudomorphine does not absorb 
in this region. 

Earlier workers have failed to prepare a dimethyl ether of pseudomorphine and this led 
to some suspicion that the two phenolic hydroxyl groups differ in some way. This failure 
may be attributed, on the basis of structure (IV; R = H) for pseudomorphine, to strong 


4 Vongerichten, Annalen, 1897, 297, 204. 
5 Small and Turnbull, J. Amer. Chem. Soc., 1937, 59, 1541. 
4P 
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hydrogen-bonding in the monomethyl ether. We have succeeded in preparing the di- 
methyl ether by use of nascent diazomethane, a procedure used with success in the 
isothebaine series ® where also complete methylation is very difficult. 

The apparent difference in properties of the two nitrogen atoms has excited comment; 
both nitrogen atoms can be quaternised and the conversion of the dimethiodide into the 
methiodide methohydroxide by aqueous ammonia 3 is probably due only to the relative 
solubilities of the two substances. Potentiometric and electrometric titrations of the 
bimolecular derivatives gave only one end-point (quite sharp), presumably indicating that 
the environments of the two nitrogen atoms are alike. 

The ultraviolet spectrum of pseudomorphine (Fig. 1) indicates that there is considerable 
conjugation between the two aromatic nuclei, and thus little restriction of rotation. 
Absorption occurs at somewhat lower wavelengths for the tetra-acetate and the dimethyl 
ether (Fig. 1), suggesting greater restriction of rotation in these substances. Introduction 
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Fic. 3. Absorption spectra of (A) 3: 4:3’: 4’- 
tetrva-acetoxy-2: 2’-biphenanthryl, (B) 9- 
ethoxy-3-methyl-phenanthrene, (C) methyl- 
morphenol (4 : 5-epoxy-3-methoxyphenanthr- 
ene), (E) 1: 1’-dthydroxy-2 : 2’-binaphthyl, 
and (D) 2: 2’-dihydroxy-1 : 1’-binaphthyl. 
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of the two bromine atoms in the 2: 2’-positions of the diphenyl system in dibromotetra- 
hydropseudomorphine (V; R = Br), however, results in almost complete restriction of 
rotation, and the chromophore reverts to that of the isolated morphine system (Fig. 1). 
The spectra of pseudomorphine and tetrahydropseudomorphine in alkaline solution show an 

increase in detail over those in neutral or acid media, the shoulder at 3100 A becoming a 
distinct band (Fig. 2), indicating some decrease in conjugation of the two aromatic nuclei 
under such conditions. The product of acetolysis of pseudomorphine methiodide metho- 
hydroxide, 3:4: 3’: 4’-tetra-acetoxy-2 : 2’-biphenanthryl, has an ultraviolet spectrum 
(Fig. 3) similar in general to those of phenanthrenes, but showing appreciably less fine 
structure, presumably indicative of a moderate degree of conjugation between the two 
systems. 

: Bertrand and Meyer? have claimed that since pseudomorphine has a strong optical 
rotation the two morphine units cannot be linked 2: 2’, 7.e., symmetrically, otherwise the 
base would be optically inactive by analogy with mesotartaric acid. This is clearly 
fallacious since the two “ halves ”’ of the mesotartaric acid molecule do not belong to the 
same stereochemical series, as do the two halves of pseudomorphine, which is thus analogous 
to (+)- or (—)-tartaric acid. 


® Klee, Arch. Pharm., 1914, 252, 211. 
7 Bertrand and Meyer, Compt. rend., 1909, 148, 1681. 
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EXPERIMENTAL 


pseudoMorphine.—Morphine (10 g.) was added to a hot solution of potassium hydroxide 
(2-0 g.) in water (1 1.), and the mixture cooled to room temperature. A solution of potassium 
ferricyanide (11-58 g.) in water (400 ml.) was then added to the solution during 50 min., with 
stirring, which was continued for an additional 30 min. The solid matter was collected and 
stirred with hot methanol, which removed morphine (1 g.). The methanol-insoluble material 
(8-4 g.) was dissolved in concentrated ammonia solution, and the mixture diluted to 700 ml. and 
boiled; 7-7 g. of pseudomorphine were deposited as almost colourless rods, decomp. ca. 330° 
(Found: C, 69-3; H, 6-4; N, 5-4. Calc. for C;,H,;,0,N,.,H,O: C, 69-7; H, 6-4; N, 5-8%). 

Tetra-acetylpseudomorphine was obtained as prisms, m. p. 294—296°, from methanol 
(Found: C, 68-4; H, 5-9; N, 3-7. Calc. for Cy.H,,0O, 9N.: C, 68-4; H, 6-0; N, 3-8%). 

pseudoMorphine Dimethyl Ether.—The potassium salt of pseudomorphine (0-5 g.) was dis- 
solved in water (100 ml.), and potassium hydroxide (3 g.) was added. The solution was covered 
with ether (25 ml.), and N-nitrosomethylurea (5 g.) was added in portions with shaking, while 
the mixture was cooled in ice. The pale yellow solution was then left at 0° for 18 hr., after 
which the ether was removed on the steam-bath. The white solid was then collected (0-24 g.) 
and recrystallised from 1:1 ether-light petroleum (b. p. 50—60°), pseudomorphine dimethyl 
ether being obtained as needles, m. p. 155—156° (Found: C, 70-1; H, 7-0; OMe, 10-7, 
C3g.HyO,N,,H,O requires C, 70-3; H, 6-8; OMe, 10-1%). 

1-Bromodihydromorphine.—Bromine (1-725 g.) in glacial acetic acid (17-25 ml.) was slowly 
added to a stirred solution of diacetyldihydromorphine (4 g.) in acetic acid (100 ml.) at <15°. 
The resultant yellow solution was evaporated im vacuo, and the residual syrup dissolved in 
water, basified with potassium hydrogen carbonate and exhaustively extracted with chloroform. 
The residue after removal of the chloroform crystallised from methanol (3-0 g.) and on recrystal- 
lisation from methanol gave diacetyl-1-bromodihydromorphine as rectangular plates, m. p. 259— 
260° (Found: C, 56-1; H, 5-5; Br, 17-7. C,,H,,O;NBr requires C, 56-1; H, 5-3; Br, 17-8%). 
Hydrolysis with hot methanolic sodium hydroxide afforded 1-bromodihydromorphine, needles, 
m. p. 248—250° (from methanol) (Found: C, 52-9; H, 5-7; N, 3-6; Br, 20-7. C,,H,,O,NBr,H,O 
requires C, 53-2; H, 5-7; N, 3-6; Br, 20-8%). 

The identity of this product was demonstrated by conversion into 1-bromodihydrocodeine 
by diazomethane, the product being identical with material prepared by bromination of dihydro- 
codeine. 1-Bromodihydrocodeine methiodide was obtained as needles, m. p. 243—245° (from 
methanol) (Found: C, 43-4; H, 4-8. C,gH,,;O,;NBrI requires C, 43-7; H, 48%). 

Oxidation of 1-Bromodihydromorphine.—A solution of potassium ferricyanide (0-292 g.) in 
water (150 ml.) was added in 30 min. to a stirred suspension of 1-bromodihydromorphine (1-9 g.) 
in a solution of potassium hydroxide (0-29 g.) in water (150 ml.) at 70—80°. The mixture was 
stirred at 80° for a further 4 hr., during which the pH fell to about 8. The solid was collected, 
dried, and recrystallised from methanol (200 ml.), dibromotetrahydrepseudomorphine (0-15 g.) 
being obtained as square plates, m. p. >350°, [aJ,!* —47° (c 0-518 in N-HCl) (Found: C, 51-9, 
51-9; H, 5-4, 5-6; Br, 20-8. C,,H,;,O,N,Br,,3H,O requires C, 52-0; H, 5-6; Br, 20-4%). The 
water was not completely lost on prolonged drying at 155° in vacuo. 

Bromination of Tetrahydropseudomorphine.—A solution of bromine (1-12 g.) in glacial acetic 
acid (11-2 ml.) was slowly added in 30 min. to a solution of tetrahydropseudomorphine (2 g.) in 
acetic acid (60 ml.) at 15°. An immediate yellow precipitate was formed, and after a further 
30 min. this was collected, but attempts to recrystallise it failed. The acetic acid solution was 
evaporated in vacuo and the resulting syrup together with the yellow precipitate was dissolved 
in water. The yellow solution obtained was basified with ammonia to pH 9, a yellow-brown 
precipitate being formed. This crystallised from methanol, giving dibromotetrahydropseudo- 
morphine (0-9 g.) as square plates, m. p. > 350°, [a],,'® —50° (c 0-627 in N-HC]) (Found: C, 52-3; 
52-3; H, 5-5, 5-6; Br, 21-0%). 

THE CHEMISTRY DEPARTMENT, UNIVERSITY OF ABERDEEN, 

ABERDEEN. [Received, February 25th, 1959.) 
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513. Periodate Oxidation of Deoxy-sugar Derivatives. 
By A. J. CLEAVER, A. B. Foster, E. J. HEDGLEY, and W. G. OVEREND. 


There is an apparent high uptake of periodate by deoxy-sugar derivatives 
when the determination is made by titrating with sodium arsenite the iodine 
liberated from excess of periodate. Iodination of the methylene group in the 
oxidation products has been shown to occur during the determination. 


RECENTLY syntheses have been described of 2-(polyhydroxyalkyl)benzimidazoles 1? and 
1-glycosylbenzimidazoles ® derived from 2-deoxy-sugars. Condensation in xylene of tri-O- 
acetyl-2-deoxy-D-galactosyl bromide and benzimidazolylsilver afforded, after deacetyl- 
ation, a levorotatory form (II) of 1-2’-deoxy-p-galactosylbenzimidazole whereas condens- 
ation in dioxan yielded, not only this compound, but also a larger quantity of a dextro- 
rotatory isomer (I). It is probable that these compounds are «- and $-pyranose forms (a 
pyranose ring is assumed in formulz I and II) but this has not been proved and so attempts 
have been made by periodate oxidation to provide information about the ring size in the 
sugar moiety. Anomalous results were obtained in the case of isomer (II). Rather than 
the expected amount (1 mol.), compound (II) was found to consume 1-47 mol. of periodate 


cH GH 
CH, x, | CHI Cla 


HO-C-H re) CHO O CHO O CHO O 
HO-C-H CHO CHO CHO 
H-C H-C H-C H-C 
CH,*OH CH-OH CH,-OH CH,-OH 


(I) (+)- (IID) (IV) (V) 
(I) (-)- 


when the uptake of oxidant was determined by iodometric titration with sodium arsenite. 
When the neutralised oxidation mixture was stored after addition of potassium iodide, the 
iodine liberated from the unused periodate gradually disappeared. Polarimetric observ- 
ation indicated that periodate oxidation of isomer (II) was complete within 2 minutes and 
a colourless crystalline substance was then obtained which gave positive tests with aldehyde 
reagents. A solid picrate of this compound gave analyses correct for the compound 
expected from substance (III). [Although formule (III), (IV), and (V) represent carbonyl 
compounds, the compounds are probably internal hemialdals.] This indicates that 
(a) 1 mol. of sodium periodate was consumed in the initial oxidation of the glycosyl deriv- 
ative (II), and (6) the compound possessed a pyranose ring since the corresponding furanose 
derivative would have been oxidised with the loss of C,,) of the sugar moiety and the form- 
ation of a picrate with a nitrogen content greater than was found. 

As the arsenite method of determination of the periodate consumed by 1-8-D-galacto- 
pyranosylbenzimidazole gave the expected results (2 mol. of oxidant consumed and 1 mol. 
of formic acid liberated) it appeared that the anomalous behaviour of compound (II) was 
associated with the 2-deoxy-group. In the oxidation product (III) this methylene group 
will be “ active ” and will react with iodine liberated from the excess of periodate, leading 
to compounds of types (IV) and (V). Removal of iodine from solution in this way will 
result in a low titre in the determination and an apparently high uptake of periodate by the 


1 Cleaver, Foster, and Overend, J., 1957, 3961. 
2 Idem, J., 1959, 409. 
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_ glycoside (II). This possibility was investigated by treating a solution of the benzimid- 


azole derivative (II) with an exact quantity of sodium periodate to produce, after treat- 
ment with sodium hydrogen carbonate and potassium iodide, an equimolecular mixture of 
product (III) and iodine. Gradually the iodine colour faded and a cream-coloured solid 
was deposited which gave a correct elemental analysis for a compound (IV). Of several 
possible structures for the monoiodo-compound, (IV) seems the most probable. When a 
further mol. of solid iodine was added to the mother-liquors, the brown colour was again 
discharged, indicating further iodination, possibly leading to a compound of type (V). 
When reaction between the aldehyde (III) and iodine was followed titrimetrically, rapid 
consumption of between 2 and 3 mol. of iodine was noted, indicating the formation possibly 
of derivatives more highly iodinated than (V). 

When 2-(D-lyxo-2 : 3 : 4 : 5-tetrahydroxypentyl) benzimidazole was oxidised by periodate 
it apparently consumed 5 mol. of oxidant (expected 3 mol.) (the method of determination 
was essentially that of Huebner e¢ al.3) and liberated 1-7 mol. of formic acid. Similarly 
2-(D-threo- and 2-(L-erythro-2 : 3 : 4-trihydroxybutyl)benzimidazole each consumed 2 mol. 
more oxidant than expected when the determination was carried out iodometrically with 
sodium arsenite. The uptake of periodate was complete within 5 minutes. Initial oxid- 

ation of each compound leads to 2-benzimidazolylacetaldehyde 

N (VI) which might be expected to react with iodine liberated from 

Ci Sr excess of periodate. This would lead to a higher uptake than 

o expected of periodate when the determination is based on an iodo- 

metric titration. An alternative scheme analogous to that found 

(VI) R= CH,CHO by Huebner ef. al.3 to occur in the oxidation of 2-(1 : 4-anhydro- 

(VII) R=CH(OH)CHO tetrahydroxybutyl)benzimidazoles is considered to be less likely. 

This scheme involves oxidation of (VI) to (VII) which undergoes 

further periodate cleavage with the production of 2-formylbenzimidazole and an additional 
mol. of formic acid: in fact this extra formic acid was not detected. 

In view of these results the periodate oxidation of some simple 2-deoxy-sugar deriv- 
atives and 2-deoxyhexitols was examined. In each case the excess of periodate was 
determined by addition of potassium iodide to the neutralised solution and direct estim- 
ation of the iodine produced by standard sodium arsenite. Results are shown in the 
Table: in each case there is an apparent consumption of oxidant in excess of that expected 


Periodate oxidation of derivatives of 2-deoxy-sugars. Mean consumption of NalO, 
plus I, (mols./mol. of derivative). 


; Limit 
0—2 2-3 O5—l1l 2—5 24 3 of error 
Storage time after iodine release min. min. hr. hr. hr. days (+) 
Me 2-deoxy-a-D-glucoside ............0ss0+ 1-24 1-54 2-42 2-58 3-08 3-15 0-04 
Me 2-deoxy-a«-D-galactoside ............0+ —_ —_ —_ — 3°03 — 0-04 
Me 2-deoxy-B-L-riboside ............000cee00e 1-0 —- 1-78 _ 2-26 2-81 0-07 
p-Chlorophenyl 2-deoxy-«-D-glucoside... — 2-21 — 5:84 >6-2 —_ 0-05 
p-Tolyl 2-deoxy-a-p-glucoside ............ _- — — —_ 7-50 —_ 0-1 
PGCE DBM 50.0.0 ccecccscccsccscececace — 3-13 — — 5-76 —_— 0-03 
2-Deoxy-D-galactitol ..............sesseecees — 3-06 _ — >5-0 — 0-02 
p-Chlorophenyl 3: 4: 6-tri-O-acetyl-2- 
deoxy-a-D-glucoside  ...........sceeeeeeee 0 _ —_ — 0 — 0-2 


for normal glycol cleavage. There is an inverse correlation between the iodine titre and 
the time interval between liberation and estimation of the halogen. That p-chlorophenyl 
3: 4: 6-tri-O-acetyl-2-deoxy-«-D-glucopyranoside was unaffected by periodate or iodine 
indicates that the 2-deoxy-group does not react until after cleavage of an adjacent glycol 
system.* Oxidised aryl 2-deoxyglucosides react with more iodine than the corresponding 


3 Huebner, Lohmar, Ditmer, Moore, and Link, J. Biol. Chem., 1945, 159, 503. 
* Cf. Hough and Perry, Chem. and Ind., 1956, 768. 
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alkyl derivatives and this is consistent with substitution of the aromatic nucleus in addition 
to the above-mentioned iodination.. A feature of the reactions was the production of 
iodoform when solutions of the oxidation products remained in contact with iodine. 

It is clear that care must be exercised in the periodate oxidation of deoxy-sugars, and 
especially in the choice of method of determination. Other workers®*® have drawn 
attention to the possibility of errors in periodate oxidations where intermediates analogous 
to those described above are likely to arise, and in such cases Schwarz ® advises that 
thiosulphate should be used to titrate the iodine in acid solution. In some instances we 
have found that a back-titration in which excess of arsenite is added to the oxidised 
solution before potassium iodide has proved satisfactory. In addition, Aspinall and 
Ferrier’s spectrophotometric method ® can be used successfully with deoxy-sugars.’ 


EXPERIMENTAL 


Periodate Oxidation of 1-Glycosylbenzimidazoles.—(a) 1-8-p-Galactosylbenzimidazole. The 
compound (0-0993 g.) in water (90 c.c.) was diluted with 0-25n-sodium periodate (10c.c.). At 
noted intervals portions (10 c.c.) were neutralised (1 g. of sodium hydrogen carbonate in 30 c.c. 
of water), and 10% potassium iodide (1 c.c.) was added. The liberated iodine was estimated 
after 3 min. by titration with 0-05055Nn-sodium arsenite with a starch—glycollate indicator. 
(Control solutions were similarly treated.) Results were: 


Time (min.) .........000.c000000 10 20 30 45 67 9% 130 180 240 
NalO, uptake (mol.) ......... 0-71 107 4133 42156 4186 188 196 201 2-04 


After 240 min., titration with 0-0104n-sodium hydroxide to the Methyl Red end-point showed 
that 0-94 mol. of formic acid was produced. 

(b) 1-(2-Deoxy-p-galactosyl)benzimidazole (II). By a similar procedure this compound 
(0-1714 g.) gave an apparent periodate consumption of 1-33 mol. after 10 minutes’ oxidation. 
The apparent consumption of periodate is critically dependent on the time for which the 
products of periodate oxidation are allowed to be in contact with the iodine liberated on 
destruction of the excess of periodate. Portions (10 c.c.) were removed after 4 hours’ oxidation 
and were treated as follows: (i) titrated immediately with sodium arsenite after addition of 
potassium iodide; (ii) titrated 10 min.; and (iii) titrated 20 min. after addition of potassium 
iodide. Results were: (i) 1-86, (ii) 0-59, and (iii) 0-00 c.c. The iodine colour had disappeared 
completely in sample (iii) before titration. The glycosyl derivative (0-264 g.) in water (20 c.c.) 
was added to aqueous sodium periodate (0-428 g. in 5c.c.). After 1 hr. the solution had become 
turbid and after 5 hr. colourless crystals (5 mg.) were collected, washed with ice-water, and dried 
(m. p. 90°). They restored the colour to Schiff’s reagent and reduced warm ammoniacal silver 
nitrate. To 1-(2-deoxy-p-galactosyl)benzimidazole (II) (0-264 g.) in water (25 c.c.) was added 
sodium periodate (0-428 g.), and the solution was halved. To one portion picric acid (0-115 g.) 
in water (10 c.c.) was added. After 0-5 hr. the picrate was collected, washed with 
water and dried; it had m. p. 103—104°, [aJ,,2° 4+31-2° (c 2-18 in C;H,N) (Found: N, 14-1. 
C,;H,,0,N,,C,H,0,N, requires N, 14-25%). 

To the other portion of the oxidation mixture, potassium iodide (1 g.) and sodium hydrogen 
carbonate (1 g.) in water (10 c.c.) were added. Iodine was liberated. The brown colour im- 
mediately began to fade, with formation of an amorphous precipitate. After 2 hr. a cream 
solid (31 mg.) was collected, washed free from iodide ions with water, and dried. This product 
had m. p. 112° (decomp.), [],,7" +-129-5° (c 1-56 in C;H;N) (Found: C, 39-7; H, 3-7; I, 32-45. 
Cy3H,,;0,N,I requires C, 40-2; H, 3-4; I, 32-7%). Solid iodine (1 mol.) was dissolved in the 
mother-liquors and the brown colour was again discharged, indicating further iodination of the 
material in solution. 

1-2’-Deoxy-p-galactosylbenzimidazole (II) (0-0521 g.) in water (50 c.c.) was oxidised with 


5 Schwarz, Chem. and Ind., 1954, 1000. 
® Aspinall and Ferrier, ibid., 1957, 1216. 
7 Ferrier and Overend, unpublished results. 
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0-25n-sodium periodate (10c.c.). After 1 hr. the solution was neutralised by sodium hydrogen 
carbonate, and 10% potassium iodide (10 c.c.) and sufficient water to give 100 c.c. were added. 
At noted intervals portions (10 c.c.) were withdrawn, diluted with water (20 c.c.), and titrated 
with 0-05055n-sodium arsenite (starch-glycollate indicator) with the following results: 


BA GID sninicacnccciccssscsetciivstens 10 35 60 120 180 
I, consumed by (III) * ............... 1-67 2-14 2-36 2-54 2-63 


* Calc. by assuming 1 mol. of NalO, to be consumed in the production of (III). 


Periodate Oxidation of 2-(Polyhydroxyalkyl)benzimidazoles.—(a) 2-(p-lyxo-2 : 3: 4: 5-Tetra- 
hydroxypentyl)benzimidazole. The derivative (0-052 g.) in aqueous ethanol (1:1, 60 c.c.) was 
mixed with 0-3N-sodium periodate (10 c.c.) and water (30 c.c.). The uptake of oxidant was 
determined as before with sodium arsenite, the titration being commenced exactly 3 min. after 
the liberation of iodine: 


I cit tnisiceiitinieilnands 5 15 30 60 120 
NalO, uptake (mol.) ........:200000e0 4-99 4-96 5-06 5-00 4-93 


During the oxidation 1-72 mol. of formic acid were liberated. 
(b) 2-(p-threo-2 : 3 : 4-Trihydroxybutyl) benzimidazole: 


| er 5 15 30 60 120 
NalO, uptake (mol.) ...........e000000 4:16 4-06 3-96 3-94 3-96 


1-0 mol. of formic acid was produced. 
(c) 2-(L-erythro-2 : 3 : 4-Trihydroxybutyl) benzimidazole: 


OD, | caisinnticwnaccccrcisiccncssscanstobincions 5 15 60 90 
NalO, uptelee (moal.) — ....cccrcscccccccccccscccosees 4-16 4-14 4-10 3-97 


_ Oxidation of Simple Deoxy-sugar Derivatives.—Solutions (0-5 x 10m) of the compounds 
listed in the Table (except for the aryl glycosides) were prepared by dissolving the material in 
sodium periodate (0-05m; 25 c.c.) and diluting the whole to 50 c.c. with water. (For the aryl 
glycosides the dilution was with acetone-free methanol.) The procedure for estimation was as 
described above and the oxidation time was 2 hr. For the first few determinations the iodine 
was titrated immediately after liberation, but in subsequent assays titration was postponed 
for periods varying from a few minutes to several hours, and in such cases the flasks were 
stoppered during storage. All the oxidised solutions which remained in contact with iodine 
developed a distinct odour of iodoform, and from the solutions of oxidised aryl glycosides iodo- 
form separated and was collected and identified. 

The authors thank Professor M. Stacey, F.R.S., for his interest and encouragement. They 
are indebted to the Department of Scientific and Industrial Research and the Colonial Products 
Research Council for Maintenance Grants (to A. J. C. and E. J. H. respectively). 
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514. Submicro-methods for the Analysis of Organic Compounds. 
Part VI.* The Determination of Carbon. 
By Cora W. Ayers, R. BELCHER, and T. S. WEsrT. 


The carbon content of organic compounds can be determined on samples 
of only 18—50 ug. with a precision equal to that obtained by micro-methods. 
The carbon dioxide is separated from the water vapour by freezing and is 
measured by means of a McLeod gauge. The interference of sulphur and 
the four halogens is eliminated by means of magnesium oxide at 500°, and 
that of nitrogen oxides by manganese dioxide at room temperature. 


GRAVIMETRIC methods similar to those used in microchemistry are not suited to the 
submicro-determination of carbon and hydrogen in organic compounds. Hence, although 
titrimetric methods have not met with approval in microchemistry,)? we have examined 
several such procedures on the submicro-scale. These methods involved absorption of 
the carbon dioxide in barium hydroxide, strontium hydroxide, ammoniacal barium 
chloride, lead acetate, and organic solvents; none was sufficiently reliable to provide the 
necessary precision (+-0-3% absolute). A modified Unterzaucher method was also 
examined,® but difficulties were encountered owing to incomplete separation of carbon 
dioxide and water, and because of reduction of the iodine pentoxide by hydrogen. Another 
procedure, based on conversion of carbon into cyanide by fusion with sodium and a 
nitrogenous compound, was unsatisfactory owing to incomplete recoveries. 


Range of 
Compounds sample wts. No. of Carbon (%) Error 
(M.A.R. Standards) (ug.) detns. Calc. Found Min. Max. 
MIND: taaeesscsminsassdgncrneciseacucas 25-00—71-00 12 42:10 42-074 0-24* 0-00 0-43 
SI GIES. ccavbvbanscsnninarsiancmiis 19-19—51-29 6 68-84 68-73 + 0-2* 0-08 0-39 
SIL nomuimueiedeadsinenedbeapueies 38-86—53-63 3 40-00 40-13 0-00 0-30 
Penta-acetylglucose ...............00. 24-02—35-62 3 49-23 49-44 0-07 0-32 
Benzyl disulphide ..................++. 18-50—48-40 4 68-30 68-18 0-20 0-30 
MINE Qcdcrcnavictetinccessecicvense 25-01—46-51 3 36-80 36-93 0-10 0-30 
p-Fluorobenzoic acid ............... 20-79—51-01 3 60-00 60-00 0-20 0-50 
p-Chlorobenzoic acid ............... 15-75—51-06 + 53-70 53-58 0-10 0-50 
p-Bromobenzoic acid ............... 18-05—48-51 4 41-80 41-60 0-20 0-60 
p-lodobenzoic acid ................ 26-76—49-99 4 33-90 33-90 0-10 0-40 
m-Dinitrobenzene .................000+ 25-97—50-00 3 42-85 42-86 0-31 0-58 
IND inti tneckecsseseausemaneensiee 25-16—44-91 3 67-02 67-06 0-16 0-22 
MIE asentuettveenememsninieniabes 35-79—47-04 2 71-04 70-94 0-06 0-15 
S-Benzylthiuronium chloride ...... 21-38—53-87 10 47-40 47:27+0-21* 0-10 1-00 
Compounds from Research School 
1,4-Di-iodo-2,3-di-O-tosylbutane... 28-17—36-08 2 33-30 33-55 0-20 0-30 
Ethylmethylglyoxime __............ 20-97—50-00 2 46-14 46-45 0-26 0-36 
Di-S-benzylthiuronium _ difluoro- 
EEE 35-28—53-87 2. 48-30 48-00 0-10 0-50 
p-Fluorophenylhydrazone of 
OE NIUE. sn statavcecssinsriszeinn 27-24 1 55-10 55-10 0-00 0-00 


* Standard deviation. 


As a result of this work * it was concluded that- physical rather than chemical methods 
of separating and estimating carbon dioxide and water were required. 

The method finally selected involves combustion at 500—600° in a limited volume of 
pure oxygen on a platinum catalyst. The carbon dioxide and water vapour are separated 
under reduced pressure by freezing traps at —183° and —100°. The excess of oxygen is 
pumped off, and the carbon dioxide is allowed to expand into the evacuated apparatus 


* Part V, J., 1958, 4054. 

1 Belcher, Thompson, and West, Analyt. Chim. Acta, 1958, 19, 309, and references therein. 
2 Idem, ibid., p. 148, and references therein. 

3 Unterzaucher, Mikrochem. Mikrochim. Acta, 1951, 36, 37, 706. 

* Ayers, Ph.D. Thesis, Birmingham, 1958. 
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where it is measured on a McLeod gauge. Attempts to determine the hydrogen simul- 
taneously by a similar procedure failed because of variable adsorption on the walls of the 
combustion tube and the glassware. Magnesium oxide at ca. 500° is used to remove the 
halogens (including fluorine) and the oxides of sulphur, since silver wool does not retain 
these interfering elements quantitatively under vacuum. Manganese dioxide is effective 
in removing nitrogen oxides, but it must not be allowed to become hot. 

The Table shows that the method is precise and widely applicable. The time required 
to complete all operations including weighing is 30—45 minutes. 

An attempt was made to devise a combined carbon and hydrogen method, and promising 
results were obtained on a limited range of compounds. However, the method is not of 
universal application. Briefly, it consists of combusting the sample im vacuo with nickel 
oxide and decomposing the water vapour to hydrogen by means of a film of magnesium 
metal on the walls of the combustion tube. The hydrogen and carbon dioxide are separated 
by freezing and are determined manometrically as above. 

This problem of the simultaneous determination of carbon and hydrogen is still being 
investigated. Meanwhile, there appears to be no reason why the halogens and sulphur 
should not be determined simultaneously with carbon. 

Since the present work was begun Kirsten ® and Unterzaucher ® have described small- 
scale methods for carbon and hydrogen, but both are decimilligram rather than submicro- 
procedures. 


EXPERIMENTAL 


Apparatus (see Figure).—(a) Pressure gauge. The McLeod gauge had a capillary A of 0-5 ml. 
volume and a bulb B of 200 ml. A 50 ug. sample containing 50% of carbon gives a pressure 
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in the apparatus of ca. 0-1 mm. of mercury, so the measured pressure is 4cm. Consequently, 
the gauge must be read to within +0-006 cm. to obtain the overall accuracy of +0°3% of 
carbon. A cathetometer reading to 0-001 cm. was used to measure the mercury levels. 

(b) Freezing traps. Two inverted pear-shaped traps, F, and F,, were loosely packed at the 
narrow ends with silica wool. The dimensions were 30 mm. at the widest point, ca. 65 mm. long, 
constricted to ca. 8 mm., external diameter, at the narrowest point. 

(c) Combustion tube. Silica tubing 300 mm. long and 8 mm. in diameter with side arm and 
standard joints was used as shown in the Figure. The use of a cap rather than a cone at the 
entrance to the combustion tube minimises the possibility of contamination of the combustion 
boat with stop-cock grease. 

(d) Furnace. This was a wire-wound, refractory-lined, split furnace 75 mm. long, operating 
in the range 500—900°, controlled by a Variac unit. 

(e) Purification train. Organic impurities were removed from the cylinder oxygen by 
passing the gas through a silica tube packed with platinised asbestos and kept at 450°. The 


5 Kirsten, Chim. analyt. 1958, 253. 
6 Unterzaucher, Mikrochim. Acta, 1957, 448. 
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emerging gas was passed through anhydrone, soda-asbestos, phosphoric oxide, and finally a 
liquid-oxygen trap. 

(f) Vacuum pump. A two-stage oil pump (Edwards Speedivac 2Sc 20) was used. Pressures 
less than 10°? cm. were avoided to prevent loss of carbon dioxide. 

(g) Other apparatus. Submicro-balance,? platinum micro-combustion boat, platinum 
submicro-weighing vessel, platinum contact. 

Reagents.—(1) Anhydrone, (2) phosphoric oxide, (3) soda-asbestos, (4) liquid O,, (5) liquid 
N,, (6) ethanol. The liquid oxygen (— 183°) was used to trap the carbon dioxide, and a slurry 
of ethanol and liquid nitrogen (— 100°) to trap the water vapour. A large boiling-tube full of 
liquid nitrogen was immersed in the — 100° freezing mixture to prevent over-rapid evaporation 
of nitrogen from the mixture. 

Proceduve.—The sample (18—50 yg.) was weighed into the platinum submicro-weighing 
vessel which was then placed in the platinum microcombustion boat, for introduction into the 
combustion tube. 

First the whole apparatus was evacuated. The freezing baths, one of liquid oxygen (Fj), 
the other a slurry of ethanol and liquid nitrogen (F,), were placed in position. The combustion 
tube was isolated from the rest of the apparatus by turning tap T,, and purified oxygen was 
introduced into the combustion tube by opening tap J,. The cap of the combustion tube was 
removed with oxygen still passing to minimise diffusion of the atmosphere into the tube. 
The platinum boat, containing the sample, was quickly introduced into the combustion tube, 
the cap replaced, and the supply of oxygen turned off. 

The platinum boat was heated with a Bunsen burner, gently for 30 sec. followed by 30 sec. 
atared heat. After this, the combustion tube was connected to the freezing traps by opening 
taps T, and T; for 5 min. The excess of oxygen was then pumped off; 5 minutes’ pumping 
sufficed. Tap T,, connecting the gauge to the rest of the apparatus, was opened, and the initial 
pressure measured. The liquid-oxygen bath was removed, and freezing trap F, allowed to 
come to room temperature, the pressure again being measured. The difference in these two 
pressures gave the pressure due to carbon dioxide. The whole apparatus was then evacuated 
for the next determination. 

Blank determinations. These were carried out in precisely the same way as an actual 
determination with an empty boat. It is necessary that the temperature of the laboratory 
should be steady to +1°. 

Determination of Carbon in Presence of Halogens and Sulphur.—Reagents and apparatus 
were as above, with the addition of a packing of magnesium oxide in the combustion tube. 
Pure magnesium oxide § was made into pellet form (20—40 mesh) and packed into the com- 
bustion tube in a short zone (25—30 mm.) which was kept at about 500°. Before use, the 
magnesium oxide was completely degassed by heating under vacuum. The procedure was 
then as above. 

Determination of Carbon in Presence of Nitrogen.—Reagents and apparatus were as inthe carbon 
determination with the addition of a packing of manganese dioxide in the cold section of the 
combustion tube. The manganese dioxide was specially prepared, for even commercial samples 
stated to be suitable for microanalysis contained carbonate. It was washed with 0-001m- 
sulphuric acid, water, ca. 0-001M-ammonia, and then thoroughly with distilled water, then dried 
at 120° overnight. It was then packed into the far end of the combustion tube, near to the B7 
cone, so that it would not be heated. (Manganese dioxide decomposes when heated under 
vacuum.‘) The sample was degassed by keeping it under vacuum. 

Procedure. As above, except that after combustion, the excess of oxygen was pumped off 
for 3min. Tap T, was then closed, and the pumping continued for an additional 2 min. The 
last traces of oxygen were removed in this way so that decomposition of the manganese dioxide 
did not affect the results. 

Standardisation of Apparatus.—The pressure gauge can be standardised in the usual way 
but as this is laborious the gauge was standardised by combusting accurately weighed amounts 
of sucrose of primary-standard purity. 

One of us (C. W. A.) thanks Monsanto Chemicals for a grant. 

CHEMISTRY DEPARTMENT, THE UNIVERSITY, 

EDGBASTON, BIRMINGHAM 15. [Received, December 12th, 1958.] 


7 Asbury, Belcher, and West, Mikrochim..Acta, 1956, 598. 
§ Throckmorton and Hutton, Analyt. Chem., 1952, 24, 2003. 
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515. Submicro-methods for the Analysis of Organic Compounds. Part 
VII.* The Determination of Nitrogen in Heterocyclic Compounds 
and Azo-, Hydrazo-, and Nitro-compounds, and in the Presence of 
Other Elements. 


By R. Betcuer, R. L. Buasin, and T. S. WEst. 


The submicro-method for the determination of nitrogen has been extended 
and modified for nitro-, azo-, and hydrazo-compounds, heterocyclic bases, 
and nitrogenous compounds which contain sulphur and the four halogens. 
The modified procedure is as accurate as the original one. 


Our submicro-determination of nitrogen} in organic compounds has now been extended 
to its determination when present in forms which normally require special treatment by 
the Kjeldahl method, and to the analysis of nitrogenous compounds which contain other 
elements which might interfere. 

In our previous work } a lower limit of 380° on the central thermometer of the heating 
block was specified to allow a sufficient safety factor for random temperature variations 
throughout the rest of the block. In the experiments now described a redesigned electrical 
heating block with superior insulation was used and more accurate measurement of 
temperature was achieved by using a calibrated thermocouple. Consequently it was 
found possible to work at 350°. 

1. Determination of Nitrogen in Compounds which contain Sulphur or Halogens.— 
The original method was applicable to the determination of nitrogen in compounds which 
also contained sulphur, fluorine, or chlorine without loss in accuracy. Some etching of 
the glass tubes occurred with fluorine compounds. Sulphur dioxide and hydrochloric 
acid were formed when sulphur and chlorine were present, but had no adverse effect. 

Erratic results were obtained when bromine- or iodine-containing compounds were 
analysed; similarly ammonium bromide and iodide gave low recoveries. Since bromate, 
iodate, iodide, iodine, and bromine interfere with the iodometric titration, close attention 
was paid to the nature of the halogen products formed during decomposition. In no 
case were traces of iodate or bromate found in the digest. Iodine compounds yielded free 
iodine and iodide ion and we concentrated on overcoming the interference of the iodide ion. 
Various attempts to mask or remove iodide were unsuccessful, but reduction of the digestion 
temperature had a beneficial effect on the recovery of nitrogen, and when this was 
investigated further it was found that nitrogen could be quantitatively recovered at 
350° + 5°. At this temperature the iodine in the digest existed entirely as element; it 
was readily removed at the same time as the sulphur dioxide when the opened tube was 
placed in an oven at 90° for 10 min. Low recoveries, due to incomplete decomposition 
of the compound, were obtained at 320—325° and also at 375—380°, owing to iodide 
formation. 

Bromine no longer interfered when the digestion temperature was maintained in the 
range 350—380°. Table 1 shows the results obtained in the analysis of nitrogenous 
compounds containing sulphur and the halogens. As in the previous work samples of 
between 30 and 80 ug. were taken for analysis. The accuracy of ,the modified method is 
as good as that previously reported. 

2. Determination of Nitrogen in Heterocyclic Compounds.—Low results were obtained 
in the analysis of 8-hydroxyquinoline (a typical heterocyclic compound) when digested 
at 350° for 30 min. as described above, or for 1 hr. Recovery was much better at 400° for 
30 min. and improved when the time was extended tol hr. At 420° for 30 min., however, 


* Part VI, preceding paper. 
1 Belcher, West, and Williams, J., 1957, 4323. 
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recovery was quantitative in the analysis of this and five other heterocyclic compounds 
(Table 2). 

For iodine-containing heterocyclic compounds, ¢.g., 8-hydroxy-7-iodoquinoline-5- 
sulphonic acid, low results were obtained at 420° owing to formation of iodide ion, and 


TABLE 1. 
Range of 
Range of Nitrogen (%) Error No.of tors (%) 
Compound wts. (pg.) Cale. Found (%) detns. Max. Min. 
Trifluoroacetanilide ............:seseseseees 36-39—68-93 7-40 7-21 0-19 4 —0-31 +0-08 
p-Chloroacetanilide  .................ceeeeee 43-90—78-94 8-30 8-20 0-10 5 —0:30 —0-02 
PRI vc cscecetenserccsesesecsesewe 39-66—58-32 18-41 1849 0-08 2 +016 —0-01 
S-Benzylthiuronium chloride ............ 43-79—63-77 13-82 13-70 0-12 2 —0-:14 —0-11 
Bromomethyltriphenyl pyrrolone ...... 42-43—48-42 3-47 3°39 0-08 3 —0-45 —0-18 
p-Bromoacetanilide ............0..sececees 50-97—73-53 6-54 6-45 0-09 3 —0-35 —0-04 
BS GOs Se TEMOMNORMO oncccccccccescccee 64-71—-67-61 4-24 4-42 0-18 2 +0-21 +0-15 
2-(4 : 5-Dibenzyloxy-2-bromopheny])- 

SID vcsccekescersvevecuiersoseesys 41-67—50-81 3-18 3:33 0-15 4 +0-41 +0-02 
ED, sitedcinisdeuneaxepeiniaces 43-14—76-81 5-36 5-46 0-10 4 +028 —0-03 
Phenyltrimethylammonium iodide...... 51-09—66-:19 5-32 5-41 0-09 4 +0-31 +0-01 
Methyl 2-benzyloxycarbonylamino-?2 : 6- 

dideoxy-6-iodo-a-p-glucopyranoside 43-79—67-:82 3-20 3-20 0-00 4 —0-12 +0-01 
0-lodohippuric acid <............ceseeeeeees 48-59—73-43 4-59 4-57 0-02 4 +0-:17 +0-04 
2-(3 : 4-Dimethoxypheny]l)ethyl-N- 

methyl-3 : 4-methylenedioxybenzyl- 

SMO BOGE o0.0ccccescecicccccsceses 45-26—53-04 3-06 2-93 0-13 3 —0-26 +0-08 

TABLE 2. 
Range of 
Range of Nitrogen (%) Error No.of ors (%) 
Compound wts. (ug.) Cale. Found (%) detns. Max. Min. 
8-Hydroxyquinoline  ...............666 42-97—47-28 9-64 9-64 0-00 3 +0-33 —0-12 
1 : 10-Phenanthroline .................. 42-49—63:39 14-12 14-03 0-09 4 —0-28 —0-01 
SE sininctnsndsenscesteiscvinssasvcxsaes 37-76—60-43 4-62 4-53 0-09 4 +0-:25 +0-05 
BIL Adesheocsubteciadecerensseerenewses 37-04—63-11 4-41 4-34 0-07 4 —0-:20 —0-03 
SIND : sctcuhavaisssadeconqneetsbenstes 37-10—60-70 4-62 4-64 0-02 4 +0-24 —0-08 
POPE Se cccendtcccscisesecccceses 39-22—-61-30 11-39 11-36 0-03 7 +0-41 —0-06 
8-Hydroxy-7-iodoquinoline-5-sulph- 

CEE devpncesiaianabuannienseten 47-33—65-24 3-99 4-08 0-09 6 +0-39 +0-05 
WE TEE ccnscacrcoteresnencssete 41-18—67-50 11-39 11-43 0-04 6 +031 —0-15 
8-Hydroxyquinoline * ............... 50-80—53-31 9-64 9-54 0-10 2 —0-06 —0-15 


* These analyses were effected at 350° with mercuric sulphate catalyst. 


also at 350° owing to incomplete decomposition. Mercuric sulphate was then tried as 
catalyst; at 420° low recoveries were still obtained, but at 350° the recovery was 
quantitative (Table 2). Heterocyclic compourids not containing iodine also yielded 
excellent results. 

3. Determination of Nitrogen in Nitro-, Azo-, and Hydrazo-compounds.—Recovery was 
low when the original method ? was applied to azo- and nitro-compounds. The addition 
of mercuric sulphate had an adverse effect. When glucose was added as a reductant %% 
with double the usual amount of sulphuric acid (to decompose the extra organic matter) 
excellent results were obtained at a digestion temperature of 420° This slight modific- 
ation also permitted the successful analysis of a hydrazine compound which contained 
fluorine and chlorine. The results of several analyses are shown in Table 3. 

Discussion and Conclusions.—Nitrogen in organic compounds which contain sulphur, 
chlorine, and fluorine can be determined without modification, but if bromine or iodine 
is present the digestion temperature should be controlled at 350°, or low recoveries may 


? Elek and Sobotka, J. Amer. Chem. Soc., 1926, 48, 501. 
3’ Baker, Analyst, 1955, 80, 481. 
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result. For the analysis of nitro- and azo-compounds it is necessary to add a small amount 
of glucose to the digestion mixture before mineralisation in order to reduce the nitrogen 
before decomposition. It is advisable to maintain the temperature at 420° for this deter- 
mination. Heterocyclic compounds require the addition of mercuric sulphate to the 





TABLE 3. 
Range of 
Range of Nitrogen (7%) Error No.of tors (%) 
Compound wts. (ug.) Calc. Found (%)  detns. Max. Min. 
IID Seni cncccssvetisxecensices 46-76—62-38 20-28 20-34 0-06 4 +0-14 0-00 
p-Nitroacetanilide ...............s0000. 43-87—43-92 15-55 15-54 0-01 2 —0-24 +0-21 
p-Nitrobenzoic acid —...........0e00- 44-74—52-72 8-38 8-10 0-28 3 —0-51 —0-02 
m-Nitrobenzoic acid .............0s0++ 48-54— 62-38 8-38 8-47 0-09 2 +0-:10 +0-08 
PETRI Scociccnsscvtcvaceocssssnce 41-81—53-87 10-07 10-00 0-07 4 —0-24 —0-12 
Pe | 40-61-—56-74 16-67 16-43 0-24 5 —0:34 +0-02 
EE aii dincdxutiivensiviesmancdngin 48-17—55-93 15°38 15-30 0-08 2 —0-26 +0-10 
ASOMOTTEMAIONS ...........000.000s00000 46-80—55-21 9-93 10-00 0-07 3 —0-29 +0-22 
BD | scatonassbtetncunnatinn 49-04— 59-29 13-33 13-38 0-05 4 +038 —0-08 
Pentafluorophenylhydrazine hydro- 
RIE <énitapsadashphonetsneaenintuan 28-51 11-94 12-05 0-11 1 ~— —- 


digestion medium as a catalyst, but if the compound contains iodine the digestion 
temperature must be controlled at 350°. 


EXPERIMENTAL 


1. Determination of Nitrogen in Halogen- and Sulphur-containing Compounds.—Reagents 
and apparatus. These were the same as those described previously ! except that 0-01N-sodium 
hypochlorite and thiosulphate were used. 

Procedure. As before except that with iodine- or bromine-containing compounds the 
temperature of digestion was maintained at 350° + 5°. The only additional precaution was to 
ascertain (iodine compounds) that the iodine was completely eliminated when the digest tube 
was removed after 5 min. in the oven at 90°. 

2. Determination of Nitrogen in Heterocyclic Compounds.—Procedure. As before} except 
that 1 or 2 crystals (ca. 100—200 ug.) of solid mercuric sulphate (M.A.R.) were added before 
the digestion tube was sealed. The digestion temperature was maintained at 350° + 5° for 
30 min., although higher temperatures could be used when bromine and iodine were absent. 
It was still necessary to add the 2% mercuric sulphate reagent to the digest as indicator for the 
adjustment of pH since the mercuric sulphate added as catalyst did not always dissolve. 

3. Determination of Nitrogen in Nitro-, Azo-, and Hydrazo-compounds.—The previously 
described apparatus and procedure ! was used except that 20 ul. of concentrated sulphuric acid 
were used instead of 10, and 0-5—0-6 mg. of glucose (M.A.R.) was added to the tube before 
sealing and heating at 420° for 30 min. 


CHEMISTRY DEPARTMENT, THE UNIVERSITY, 
EDGBASTON, BIRMINGHAM 15. (Received, February 3rd, 1959.] 
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516. Pyrone Series. Part III 2,6-Diaryl-4-thiopyrones and 
-5-methoxy-2-pyrones and Thio-analogues of the Latter. 


By Ipranim EL-SAyEp Et-Kuo.ty, FATHI KAMEL RAFLA, and GABRA SOLIMAN. 


Several 2,6-diaryl-4-thiopyrones have been prepared and converted 
into the corresponding 4-hydroxyimino-derivatives. 4,6-Diaryl-5-methoxy- 
2-pyrones have been synthesised by condensation of w-methoxyaceto- 
phenones with ethyl arylpropiolates. The structures of the latter pyrones 
have been determined by alkaline fission, and they have been converted into 
2-thiopyrones, 2-pyridones, and 1l-amino-2-pyridones. 


In continuation of our synthesis of 2,6-diaryl-4-pyrones? (I), 2,6-di-p-methoxyphenyl-4- 
pyrone and 5,6-dihydro-7,8-benzoflavone (IV) have been prepared by condensation of 
ethyl #-methoxyphenylpropiolate with f-methoxyacetophenone and of ethyl phenyl- 
propiolate with 1-tetralone, respectively. 

Alkaline degradation of 2,6-di-p-methoxyphenyl-4-pyrone gave acetone, #-methoxy- 
acetophenone, and #-anisic acid in agreement with the structure suggested. There is 
some doubt, however, regarding the structure of 5,6-dihydro-7,8-benzoflavone which 
appears to be the outcome of Claisen condensation, a reaction already known for 
1-tetralone; * investigation of the structure of this pyrone involving dehydrogenation and 
degradation is in progress. 


S 12) 
P,S NH, OH 
O 5 O} ; as O} 1 
R R R R R R 
1) Oo N 


(IIT) (I) (Il) OH 


S 
XO OO, leas 
@) 
(IV) (V) (Vi) 


These two pyeenee (I; R= R’ = C,H,OMe-f) and (IV), as well as 6-phenylindeno- 
(3’,2’-2,3)pyrone 2 gave stable picrates, but. failed to nce with hydroxylamine. FEarlier,? 
1-hydroxypyridones (II) were obtained by the action of hydroxylamine on 2,6-diaryl-4- 
pyrones (I). In the present study, the pyrone oximes have been prepared by the action 
of hydroxylamine on the 4-thio-derivatives (III, V, and VI). 2-Methyl-6-phenyl-4- 
thiopyrone failed to give an oxime. 

Traverso* obtained 3,4-diphenylbut-2-enoic acid on hydrolysis of 4,5,6-triphenyl- 
or C-methy?-4, 5-diphenyl-2-pyrone. In our hands, the latter pyrone was hydrolysed to 
cis-5-oxo-3,4-diphenylhex-2- or -3-enoic acid, the methyl ester of which was cyclised to 


Ph Ph 
Phe 7 Ph~ S 
| Soe 
Me ale) Me Oo CO;H 


the pyrone. Contrary to Traverso’s report,’ 6-benzyl-4,5-diphenyl-2-pyrone underwent 
ring fission, but the free acid readily cyclised. Attempted methylation in an alkaline 
medium led to two neutral compounds which are being studied. 


1 Part II, J., 1955, 2911. 

2 Soliman and El-Kholy, J., 1954, 1755. 

* Hiickel and Goth, Ber., 1924, 57, 1288: 

* Traverso, Boll. sci. Fac. Chim. ind. Bologna, 1955, 18, 53. 
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4,6-Diaryl-5-methoxy-2-pyrones (IX) have now been prepared by condensation of 
ethyl phenylpropiolate with #-methoxyacetophenones (VII; R =H, Me, or OMe), and 
5-methoxy-4,6-di-p-methoxyphenyl-2-pyrone has been obtained from ethyl p-methoxy- 
phenylpropiolate and w-4-dimethoxyacetophenone (VII; R= OMe). However, none 
of these pyrones was accompanied by an intermediate Michael addition product which 
can be looked upon as the ¢vans-isomer of the hypothetical cis-3,5-diaryl-4-methoxy-5-oxo- 
pent-2-enoic ester (VIII). Moreover, alkaline fission of these pyrones gave products, 
presumably cis-3,5-diaryl-4-methoxy-5-oxopent-2- or -3-enoic acids, whose methyl esters 
cyclised to the pyrones. 

In addition to 4,6-diphenyl-2-thiopyrone synthesised by Arndt and Eistert,5 we have 
prepared 5-methoxy-4,6-diphenyl-, 5-methoxy-4-phenyl-6-f-tolyl-, 5-methoxy-6-p- 
methoxyphenyl-4-phenyl-2-thiopyrones and 5-methoxy-4,6-di-p-methoxypheny]l-2-thio- 
pyrone by the action of phosphorus pentasulphide on the corresponding pyrones. Unlike 
2,6-diaryl-4-thiopyrones, these 2-thiopyrones are readily hydrolysed to the original 
2-pyrones (IX) by hydroxylamine or hydrazine hydrate, but not by semicarbazide. An 
additional difference between 2,6-diaryl-4-pyrones and 5-methoxy-4,6-diaryl-2-pyrones is 
that the latter do not give 1-hydroxy-2-pyridones: 5-methoxy-4,6-diphenyl-2-pyrone is 
the only exception since it reacted with hydroxylamine with difficulty, giving the 
1-hydroxy-2-pyridone. 

Although the formation of 4-pyridones and 2-pyridones (X) from 2,6-diaryl-4-pyrones 
(I) and 5-methoxy-4,6-diaryl-2-pyrones (IX) is equally possible by ammonolysis, yet they 
differ in some of their properties. The 4-pyridones are susceptible to acid-catalysed 
hydrolysis to pyrones,* whereas the 2-pyridones are stable, tending to exist in the enolic 
form.? Hauser and Eby 8 recently obtained a similar series of polysubstituted 2-pyridones 
by cyclisation of 8-keto-nitriles or 6-keto-amides with ketones by polyphosphoric acid. 


H 
Ph:C =C” 
Ph:C:C-CO,Et + MeO-CH,CO-C,H,R » | ‘CO, Et 
(VID MeO-CH-CO-C,H,R (VIII) 
Ph Ph Pl Ph 
MeO’ “NS MeO¢ NS Meor ™“ 
aC ttel aCeHie weal 
6''4 N Oo 6''4 fe) [e) “NA 6rl4 N oO 
“(xy 4 (IX) (XI) NH, 


Further, by the action of hydrazine hydrate on 4,6-diaryl-5-methoxy-2-pyrones, we 
have prepared a series of l-amino-2-pyridones (XI). These gave the characteristic 
reactions of the 1-amino-2-pyridones recently synthesised by condensation of chloramine 
with 2-pyridones.® On the other hand, «-(3-phenyl-5-pyrazolyl)acetophenone hydrazone 
has been prepared by the action of hydrazine hydrate on 2,6-diphenyl-4-pyrone, presumably 
through a triketone; 1° having sym-dibenzoylacetone available, we have confirmed this 
mechanism by preparing from it the pyrazole in question (cf. 5-6-hydroxyiminophen- 
ethyl-3-phenylisoxazole #). 


EXPERIMENTAL 
Light petroleum used had b. p, 50—70°. | 
2,6-Di-p-methoxyphenyl-4-pyrone.—Ethyl p-methoxyphenylpropiolate * was prepared by 
saturation of an ice-cold solution of p-methoxyphenylpropiolic acid }* (20-1 g.) in absolute 


5 Arndt and Eistert, Ber., 1925, 58, 2318. 

* Neelakantan, J. Org. Chem., 1958, 23, 741. 

Elderfield, ‘‘ Heterocyclic Compounds,”’ John Wiley and Sons, New York, 1950, Vol. I, p. 439. 
Hauser and Eby, J. Amer. Chem. Soc., 1957, 79, 728. 

Hoegerle, Helv. Chim. Acta, 1958, 41, 539. 

10 Ainsworth and Jones, J. Amer. Chem. Soc., 1954, '76, 3172. 

11 Hariharan and Sudborough, J. Indian. Inst. Sci., 1925, 8, A, 193. 

12 Baddar and L. S. El-Assal, J., 1948, 1269. 
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ethanol (120 ml.) with hydrogen chloride. After being kept for 6 hr. at room temperature, the 
mixture was poured into ice-cold water, and the ester (20-0 g.), recovered by extraction with 
ether, was purified by distillation at 158—160°/3 mm. 

p-Methoxyacetophenone (2-6 g., 1 mol.) and p-methoxyphenylpropiolate (3-5 g., 1 mol.) 
were added to sodium ethoxide (1-45 g., 1-25 mol.) in dry ether (150 ml.), and the mixture kept 
at 0° for 36 hr. The brown oil (4-0 g.) recovered from the neutral ethereal solution yielded the 
pyrone (0-3 g.), m. p. 183°, on treatment with light petroleum. It crystallised from benzene— 
light petroleum in yellowish needles, m. p. 192°. The alkaline solution yielded 1-2 g. of 
p-methoxyphenylpropiolic acid and a non-acidic oil which afforded an additional 0-2 g. of 
the pyrone. 

2,6-Di-p-methoxyphenyl-4-pyrone picrate was prepared in benzene and crystallised from 
acetone in needles, m. p. 221° (Found: C, 55-9; H, 3-5; N, 8-0; OMe, 11-4. C,;H,,0,,N; 
requires C, 55:9; H, 3-6; N, 7-8; OMe, 11-55%). 

The colourless pyrone was recovered by decomposition of the picrate with aqueous ammonia 
and crystallised from methanol in needles, m. p. 195° (lit.,45 m. p. 189—190°) (Found: C, 73-75; 
H, 5-3; OMe, 20-1. Calc. for C,,H,,O,: C, 74:0; H, 5:2; OMe, 20-1%). It was recovered 
unchanged after being heated with hydroxylamine for 9 hr. 

About 50% of 2,6-di-pb-methoxyphenyl-4-pyrone was degraded by boiling 40% aqueous 
potassium hydroxide in 6 hr. as previously described.* It yielded p-anisic acid, m. p. 184°, 
acetone, and p-methoxyacetophenone (2: 4-dinitrophenylhydrazone, m. p. 207—208°). 

5,6-Dihydro-7,8-benzoflavone (IV).—This was prepared by condensation of 1-tetralone ™ 
(4-2 g.) with ethyl phenylpropiolate (5-0 g.) as usual. After 4 days in the ice-chest, the green 
mixture lost its viscosity and became dark brown. The reddish oily residue (6-4 g.) recovered 
from the neutral ethereal solution deposited the pyrone (0-5 g.), m. p. 150°, at room tem- 
perature. It crystallised from benzene-light petroleum in yellowish needles, m. p. 174°. 
Phenylpropiolic acid (2 g.) was recovered from the alkaline solution. Its picrate crystallised 
from benzene in plates, m. p. 196° (Found: N, 8-5. C,,;H,,O,N, requires N, 8-35%). Decom- 
position with aqueous ammonia yielded the pyrone, needles (from benzene-light petroleum), 
m. p. 174° (Found: C, 83-3; H, 5-0. C,,H,,O, requires C, 83-2; H, 5-15%). The pyrone was 
recovered unchanged after being heated with hydroxylamine for 20 hr. 

2,6-Di-p-methoxyphenyl-4-thiopyrone.—This was prepared when a solution of 2,6-di-p- 
methoxyphenyl-4-pyrone (0-5 g.) in benzene was boiled with phosphorus pentasulphide (1-0 g.) 
for 1 hr. The orange-red solution was separated, washed with ammonium sulphide, then with 
water, dried, and distilled. The residue (0-5 g.) yielded the crude thiopyrone, m. p. 160°, on 
treatment with light petroleum. It crystallised from benzene-light petroleum in brown 
needles, m. p. 185° (lit.,4% m. p. 180°) (Found: C, 70-6; H, 5-2; S, 9-7. Calc. for C,sH,,0,S : 
C, 70-4; H, 5-0; S, 99%). 

2,6-Di-p-methoxyphenyl-4-pyrone oxime was obtained when a solution of the thiopyrone 
(0-3 g.) in ethanol (70 ml.) was refluxed with a solution of hydroxylamine hydrochloride (0-4 g.) 
and sodium acetate (0-4 g.) in water (2 ml.) for 5 hr. When the mixture was diluted with a few 
drops of water, the unchanged thiopyrone (0-1 g.) was recovered. On further dilution of the 
filtrate, the oxime (0-2 g.), m. p. 173°, separated. It.crystallised from benzene-light petroleum 
in yellow needles, m. p. 182° (Found: C, 71-0; H, 5-5; N, 4:3. C,,H,,O,N requires C, 70-6; 
H, 5-3; N, 4:3%). 

5,6-Dihydro-4-thio-7,8-benzoflavone.—This compound was prepared from the dihydroflavone 
(IV) as above and crystallised from benzene-light petroleum in red prisms, m. p. 183° (Found: 
C, 78:7; H, 4:9; S, 10-95. C,,H,,OS requires C, 78-6; H, 4:9; S, 11-0%). 

An ethanolic solution of the thiopyrone (0-7 g.) was refluxed with hydroxylamine hydro- 
chloride (0-7 g.) and sodium acetate (0-7 g.) in water (2 ml.) for 7hr. After dilution and cooling, 
a mixture (0-7 g.), m. p. 174°, of the oxime and the thiopyrone separated. It was treated with 
benzene and the insoluble oxime (0-3 g.), m. p. 232° (decomp.), crystallised from pyridine— 
ethanol in yellow needles, m. p. 240° (decomp.) (Found: C, 79-0; H, 5:3; N, 4-8. C,)H,,;O.N 
requires C, 78-9; H, 5-2; N, 48%). 

The following 4-thiopyrones were prepared from known pyrones;? therefrom oximes 
(yellow needles) were prepared by means of hydroxylamine in hot ethanol (3 hr.) and isolated 
either by dilution or by dilution and extraction with ether. 


13 Schénberg, Elkaschef, Nosseir, and Sidky, J. Amer. Chem. Soc., 1958, 80, 6314. 
14 Org. Synth., 1940, 20, 94; Brown, Widiger, and Letang, J. Amer. Chem. Soc., 1939, 61, 2601. 
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2-Phenyl-6-p-tolyl-4-thiopyrone, pale brown needles, m. p. 142° (from methanol) (Found: 
C, 77-6; H, 5-0; S, 11-5. C,sH,,OS requires C, 77-7; H, 5-1; S, 11-5%). 

2-p-Methoxyphenyl-6-phenyl-4-thiopyrone, brown needles, m. p. 185—186° (from benzene— 
light petroleum) (Found: C, 73-7; H, 4:8; S, 11:0; OMe, 10-4. C,,H,,0,S requires C, 73-5; 
H, 4:8; S, 10-9; OMe, 10-5%). 

2-p-Chlorophenyl-6-phenyl-4-thiopyrone, brown needles, m. p. 156° (from ethanol) (Found : 
C, 68-35; H, 3-8; Cl, 12-3; S, 10-3. C,,H,,OCIS requires C, 68-3; H, 3-7; Cl, 11-9; S, 10-7%). 

2-p-Bromophenyl-6-phenyl-4-thiopyrone, needles, m. p. 170—172° (from carbon tetra- 
chloride) (Found: C, 59-2; H, 3-1; S, 9-8. C,,H,,OBrS requires C, 59-5; H, 3:2; S, 9:3%). 

6-Phenyl-4-thioindeno(3’,2’-2,3)pyrone (V1), orange needles, m. p. 186° (from benzene-— 
light petroleum) (Found: C, 78-1; H, 4:6; S, 11-4. C,,H,,OS requires C, 78:25; H, 4-4; 
S, 11-6%). 

2-Methyl-6-phenyl-4-thiopyrone (prepared from the pyrone 15), brown needles (from benzene- 
light petroleum), m. p. 117°? (Found: C, 71-4; H, 5-05; S, 15-1. Calc. for C,,H,gOS: C, 
71-2; H, 5-0; S, 15-85%). 

2-Phenyl-6-p-tolyl-4-pyrone oxime, m. p. 194° (decomp.) (from benzene-ethanol) (Found: 
C, 77-9; H, 5-4; N, 5-2. C,,H,;O,N requires C, 78-0; H, 5-45; N, 5-05%). 

2-p-Methoxyphenyl-6-phenyl-4-pyrone oxime, m. p. 194° (decomp.) (from ethanol) (Found: 
C, 73-5; H, 5-2; N, 4-7; OMe, 10-4. C,,H,,O,N requires C, 73-7; H, 5-2; N, 4-8; OMe, 10-6%). 

2-p-Chlorophenyl-6-phenyl-4-pyrone oxime, m. p. 226° (decomp.) (from pyridine—ethanol) 
(Found: C, 68-6; H, 4:2; N, 4-6. C,,H,,O,NCl requires C, 68-5; H, 4:1; N, 47%). 

2-p-Bromophenyl-6-phenyl-4-pyrone oxime, m. p. 230° (decomp.) (from pyridine-ethanol) 
(Found: C, 59-85; H, 3-5; N, 3-9; Br, 23-1. C,,H,,O,NBr requires C, 59-6; H, 3-5; N, 4:1; 
Br, 23-35%). 

6-Phenylindeno(3’,2’-2,3)pyrone oxime, m. p. 252° (decomp.) (from pyridine-ethanol) 
(Found: C, 78-9; H, 4:7; N, 5-0. ©C,,H,,0,N requires C, 78-5; H, 4:8; N, 51%). 

6-Phenylindeno(3’,2’-2,3) pyrone was recovered unchanged after being heated with hydroxyl - 
amine in ethanol for 22 hr. 

«-(3-Phenyl-5-pyrazolyl)acetophenone hydrazone}® was obtained when sym-dibenzoyl- 
acetone (0-3 g.) in methanol (15 ml.) was refluxed with 85% hydrazine hydrate (0-5 ml.) for 1.hr. 
It was isolated by dilution, crystallised from chloroform-light petroleum, and recrystallised 
from methanol in needles, m. p. and mixed m. p. 168° (Found: N, 20-2. Calc. for C,,H,,N,: 
N, 20-3%). 

6-Methyl-4,5-diphenyl-2-pyrone,* prepared from phenylacetone and ethyl phenylpropiolate, 
crystallised from methanol in cubes, m. p. 138° (Found: C, 82-3; H, 5-2. Calc. for C,sH,,0,: 
C, 82-4; H, 5-4%). 

cis-5-Ox0-3,4-diphenylhex-2-enoic Acid.—The last-mentioned pyrone (1-4 g.) was dissolved 
in warm 5% methanolic potassium hydroxide (30 ml.) and, when most of the methanol had been 
distilled off, the residue was diluted with water and extracted with ether. When the alkaline 
layer was acidified and extracted with ether, the hexenotc acid “(1-2 g.) was recovered. It 
crystallised from benzene in needles, m. p. 170° (decomp.) (Found: C, 77-1; H, 58. C,gH,.O, 
requires C, 77-1; H, 5°8%). With diazomethane, it gave the methyl ester, m. p. 102° (from 
light petroleum) (Found: C, 77-5; H, 6-3; OMe, 10-7. (C,,.H,,O, requires C, 77-5; H, 6-2; 
OMe, 10-55%). This ester yielded the pyrone when mixed with an ethereal suspension of 
sodium ethoxide. 

Attempted Fission of 6-Benzyl-4,5-diphenyl-2-pyrone.-—The pyrone (0:5 g.) was refluxed 
with 10% methanolic potassium hydroxide (20 ml.) for 30 min. The violet solution was then 
poured into water and extracted with ether which removed nothing. On acidification of the 
alkaline solution, the pyrone was recovered almost pure. 

Methylation after Fission —The pyrone (1-0 g.) was refluxed in 10% methanolic potassium 
hydroxide (30 ml.) for 30 min. and the solvent distilled. A solution of the residue in water 
(60 ml.) was treated (dropwise) with dimethyl sulphate (1-5 ml.), and the faintly alkaline 
mixture was then kept overnight; the methylation products (0-7 g.), m. p. 175°, separated. 
On crystallisation from benzene-light petroleum, substance “‘ a ’’’ separated in elongated plates, 
m. p. 206° (Found: C, 85-1; H, 5-7%). 

The first benzene-light petroleum liquor yielded on concentration substance “ b,” m. p. 


148 Ruhemann, J., 1908, 98, 431. 
16 Traverso, Ann. Chim. (Italy), 1957, 47, 1244. 
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149°, which crystallised from ethanol in needles, m. p. 153° (Found: C, 85:0; H, 5-9; 
OMe, 16-7%). 

5-Methoxy-4,6-diphenyl-2-pyrone.—Ethereal solutions of w-methoxyacetophenone ?” (2-9 g., 
1 mol.) and ethyl phenylpropiolate (3-5 g., 1 mol.) were successively added to an ice-cold sus- 
pension of sodium ethoxide (1-42 g., 1 mol.), and the mixture was kept at room temperature 
for 7 hr., then mixed with water. The ethereal solution was separated and the alkaline solution 
extracted with ether. The viscous oil (4:3 g.) recovered from the ethereal solution was kept 
overnight at room temperature, the pyrone (1-7 g., 31% yield), m. p. 110°, crystallising. It 
recrystallised from methanol in yellow prisms, m. p. 114° (Found: C, 77-6; H, 5-2; OMe, 11:3. 
C,,H,,0, requires C, 77-7; H, 5-1; OMe, 11-15%). The alkaline layer was acidified and 
extracted with ether, and the ethereal solution shaken with sodium hydrogen carbonate solution 
and then evaporated; a yellow viscous oil (0-4 g.) was recovered. The sodium hydrogen 
carbonate solution gave 1 g. of phenylpropiolic acid. The picrate crystallised from methanol 
and then light petroleum in needles, m. p. 105° (Found: C, 56-3; H, 3-3; N, 8-4. C,,H,,O, .N; 
requires C, 56-8; H, 3-4; N, 8-3%). It was hydrolysed to the pyrone by warm dilute aqueous - 
ethanolic ammonia. 

cis-4-Methoxy-5-ox0-3 : 5-diphenyl-pentenoic Acid.—The foregoing pyrone (1-0 g.) was warmed 
with 5% methanolic potassium hydroxide (25 ml.), and most of the methanol was then distilled 
off. The residue was diluted with water and extracted with ether, and the alkaline solution 
acidified and extracted with ether. The acid (0-9 g.) recovered from the latter ethereal extract 
solidified on treatment with light petroleum. It crystallised from benzene-—light petroleum in 
pale yellow plates, m. p. 115° (Found: C, 72-9; H, 5-4. C,,H,,O, requires C, 73-0; H, 5-45%). 
With diazomethane, it gave the methyl ester, pale yellow cubes, m. p. 90° (from light petroleum) 
(Found: C, 73-2; H, 5-8; OMe, 20-0. C,,H,,O, requires C, 73-5; H, 5-85; OMe, 20-0%). 
This ester was converted into the pyrone on treatment with sodium ethoxide in ether or with 
a few drops of 5% ethanolic potassium hydroxide. 

5-Methoxy-4,6-diphenyl-2-pyridone was prepared when the foregoing pyrone (0-7 g.) was 
heated with 25% aqueous ammonia (4 ml.) for 2 hr. at 130—135°. The pyridone (0-6 g.), 
recovered after washing with water and cold methanol, crystallised from benzene-light 
petroleum in needles, m. p. 203°, which gave a red colour with ferric chloride (Found: C, 77-7; 
H, 5-7; N, 5-2. C,,H,,O,N requires C, 78-0; H, 5-5; N, 5-05%). 

1-Hydroxy-5-methoxy-4,6-diphenyl-2-pyridone was prepared when an ethanolic solution of 
the pyrone (1-0 g.) was heated for 20 hr. with hydroxylamine hydrochloride (1-0 g.) and sodium 
acetate (1-0 g.) in water (2 ml.). After dilution with water, the mixture was extracted with 
chloroform, and the solution was evaporated. The residue (1-0 g.) was treated with enough cold 
benzene to dissolve the unchanged pyrone, leaving the pyridone (0-35 g.), which crystallised from 
benzene-light petroleum in needles, m. p. 211°, giving a red colour with ferric chloride (Found: 
C, 73-8; H, 5-2; N, 4-7; OMe, 10-4. C,,H,,0O,N requires C, 73-7; H, 5-2; N, 4-8; OMe, 10-6%). 

1-A mino-5-methoxy-4,6-diphenyl-2-pyridone.—A solution of the preceding pyrone (0-5 g.) 
in ethanol (30 ml.) was refluxed with 25% hydrazine hydrate (5 ml.) for 7 hr. The pyridone, 
m. p. 185°, separated on dilution and cooling. It crystallised from benzene—light petroleum in 
needles, m. p. 186° (Found: C, 74-15; H, 5-7; N, 9-6; OMe, 10-2. C,,H,,0O,N, requires 
C, 73-8; H, 5-5; N, 9-6; OMe, 10-6%). It gave an orange-red colour with ferric chloride, 
dissolved in dilute mineral acids, and reduced Fehling’s solution and Tollens’s reagent. 

5-Methoxy-4,6-diphenyl-2-thiopyrone.—A _ solution of 5-methoxy-4,6-diphenyl-2-pyrone 
(1-0 g.) in benzene was boiled with phosphorus pentasulphide (2-5 g.) for l hr. The orange-red 
solution was then separated, and the residue washed with hot benzene. The combined filtrate 
and washings were shaken with ammonium sulphide, washed, dried, and evaporated. The red 
residue (1-0 g.) yielded the crude thiopyrone, m. p. 105°, on treatment with cold methanol. 
It crystallised from light petroleum—benzene in orange plates, m. p. 150° (Found: C, 73-2; 
H, 4:85; S, 11-0. C,,H,,0,S requires C, 73-5; H, 4-8; S, 109%). This thiopyrone was 
recovered unchanged after being heated with semicarbazide hydrochloride and sodium acetate 
in methanol for 10 hr. 

When a solution of the thiopyrone (0-5 g.) in methanol (20 ml.) was refluxed with hydroxyl- 
amine hydrochloride (0-5 g.) and sodium acetate (0-5 g.) in water (2 ml.) for 1 hr., hydrogen 
sulphide was given off. On dilution and extraction with ether, 5-methoxy-4,6-diphenyl-2- 
pyrone, m. p. and mixed m. p. 114°, was isolated. The same pyrone was obtained when a 

1” Pratt and Robinson, J., 1923, 128, 748. 
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methanolic solution of the thiopyrone (0-3 g.) was refluxed with 25% hydrazine hydrate (4 ml.) 
for 5 min. 

5-Methoxy-4-phenyl-6-p-tolyl-2-pyrone.—w-Methoxy-4-methylacetophenone was prepared by 
stirring an ethereal solution of methoxyacetonitrile (21-0 g.) into p-tolylmagnesium bromide 
(from 8-8 g. of magnesium and 62 g. of p-bromotoluene) in ice-cold dry ether. The mixture was 
then kept at room temperature for 2 hr. and decomposed with ice and dilute sulphuric acid, 
and the ethereal solution separated, washed with sodium hydrogen carbonate solution, dried, 
and distilled. The residual oil was fractionally distilled and the fraction (15 g.) of b. p. 125— 
128°/3 mm. was redistilled at 127°/3 mm. (Found: C, 72-9; H, 7-4. C,9H,,O, requires C, 73:1; 
H, 7-4%). Its semicarbazone was prepared when an ethanolic solution of the ketone (0-5 g.) 
was refluxed with a solution of semicarbazide hydrochloride (0-5 g.) and sodium acetate (0-5 g.) 
in water (2 ml.) for 6 hr. After dilution and cooling, the mixture yielded the semicarbazone 
which crystallised from methanol in needles, m. p. 153° (Found: C, 59-5; H, 6-8; N, 19-1; 
OMe, 13-95. C,,H,,0O,.N; requires C, 59-7; H, 6-8; N, 19-0; OMe, 14-0%). 

5-Methoxy-4-pheny!-6-p-tolyl-2-pyrone was prepared by condensing w-methoxy-4-methyl- 
acetophenone (3-3 g., 1 mol.) and ethyl phenylpropiolate (3-5 g., 1 mol.) in presence of sodium 
ethoxide (1-42 g., 1 mol.) as for the preceding homologue. The viscous oil (5-2 g.) recovered 
from the neutral ethereal solution yielded the pyrone (1-8 g., 31%), m. p. 142°, after being kept 
overnight. It crystallised from methanol in yellow needles, m. p. 143° (Found: C, 77-8; H, 5-5; 
OMe, 10-5. C,,H,,O, requires C, 78-1; H, 5-5; OMe, 10-6%). A non-acidic yellow oil (0-7 g.) 
and phenylpropiolic acid (0-8 g.) were recovered from the alkaline solution. It failed to give 
a picrate or react with hydroxylamine when refluxed for 33 hr. 

cis-4-Methoxy-5-0x0-3-phenyl-5-p-tolylpentenoic acid was prepared by the action of 5% 
methanolic potassium hydroxide on 5-methoxy-4-phenyl-6-p-tolyl-2-pyrone as described above 
and crystallised from benzene-light petroleum in pale yellow prisms, m. p. 141° (Found: C, 73-7; 
H, 5-9. C,,H,,O, requires C, 73-6; H, 5-8%). Its methyl ester formed pale yellow cubes, 
m. p. 65°, from light petroleum (Found: C, 73-8; H, 6:3; OMe, 19-0. Cy 9H. 90, requires 
C, 74:1; H, 6-2; OMe, 19-1%). This ester gave the pyrone on treatment with basic reagents 
as above. 

5-Methoxy-4-phenyl-6-p-tolyl-2-pyridone.—This was prepared when the foregoing pyrone 
(0-5 g.) was heated with 25% aqueous ammonia in a sealed tube for 2 hr. at 160—165°. The 
crude pyridone (0-5 g.) was freed from a resin by washing it with cold acetone. It crystallised 
from benzene-light petroleum in yellowish white needles, m. p. 228°, which gave a red colour 
with ferric chloride (Found: C, 77-85; H, 5-9; N, 4:8. (C,,H,,O,N requires C, 78-3; H, 5-9; 
N, 4:8%). 

1-A mino-5-methoxy-4-phenyl-6-p-tolyl-2-pyridone.—This pyridone was prepared by heating 
an ethanolic solution of the pyrone with 25% hydrazine hydrate for 7 hr. and crystallised from 
benzene-light petroleum in plates, m. p. 174°, which gave the characteristic reactions of 
1-amino-2-pyridones (Found: C, 74-5; H, 6-0; N, 9-1; OMe, 9-9. CygH,,0,Ny requires C, 74-5; 
H, 5-9; N, 9-15; OMe, 10-1%). 

5-Methoxy-4-phenyl-6-p-tolyl-2-thiopyrone.—This thiopyrone was prepared by the action of 
phosphorus pentasulphide on 5-methoxy-4-phenyl-6-p-tolyl-2-pyrone as before and crystallised 
from benzene-light petroleum in orange plates, m. p. 165° (Found: C, 74-1; H, 5-1; S, 10-4; 
OMe, 10-05. Cy, ,H,,0.,S requires C, 74-0; H, 5-2; S, 10-4; OMe, 10-11%). It was hydrolysed 
to 5-methoxy-4-phenyl-6-p-tolyl-2-pyrone when heated with hydroxylamine or 25% hydrazine 
hydrate, but recovered unchanged after being heated with semicarbazide. 

5- Methoxy-6-p-methoxyphenyl -4-phenyl-2-pyrone.—w,4-Dimethoxyacetophenone (3:6 g., 
1 mol.) and ethyl phenylpropiolate (3-5 g., 1 mol.) were condensed with sodium ethoxide as 
before. The viscous oil (6-3 g.) recovered from the neutral ethereal solution deposited the 
pyrone (2 g., 24%), m. p. 146°, when kept overnight at room temperature. It crystallised from 
ethanol in yellow needles, m. p. 148°, which did not form a picrate and was recovered unchanged 
after being heated with hydroxylamine for 40 hr. (Found: C, 74:1; H, 5-2; OMe, 19-95. 
C,,9H,,0O, requires C, 74-0; H, 5-2; OMe, 20-1%). 

cis-4-Methoxy-5-p-methoxyphenyl-5-0x0-3-phenylpentenoic Acid.—This acid was prepared by 
alkaline fission of 5-methoxy-6-p-methoxyphenyl-4-phenyl-2-pyrone and crystallised from 
benzene-light petroleum in cubes, m. p. 123° (Found: C, 69-9; H, 5-6. (C,)H,,O,; requires 
C, 69-95; H, 5-6%). A crystalline ester could not be obtained by the action of diazomethane 
on the acid, but the oily product yielded the pyrone on treatment with sodium ethoxide. 
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5-Methoxy-6-p-methoxyphenyl-4-phenyl-2-pyridone.—This was prepared when the above 
pyrone (0-5 g.) was heated with 25% aqueous ammonia (4 ml.) for 2 hr. at 160—165°. The 
pyridone (0-5 g.), m. p. 188—195°, was washed with cold acetone and crystallised from benzene— 
light petroleum in yellow plates, m. p. 206°, which gave a red colour with ferric chloride (Found: 
C, 74:35; H, 5-5; N, 4-65. C,9H,,O,N requires C, 74:3; H, 5-6; N, 46%). 

1-A mino-5-methoxy-6-p-methoxyphenyl-4-phenyl-2-pyridone was prepared by the action of 
25% hydrazine hydrate on the pyrone and crystallised from dilute methanol in needles, m. p. 
148°, which gave the reactions of l-amino-2-pyridones (Found: C, 70-55; H, 5-7; N, 8-7. 
C,9H,,0,N, requires C, 70-8; H, 5-6; N, 87%). 

5-Methoxy-6-p-methoxyphenyl-4-phenyl-2-thiopyrone was prepared from the foregoing pyrone 
and crystallised from benzene-light petroleum in orange-red needles, m. p. 174° (Found: 
C, 70-6; H, 5-0; S, 9-5; OMe, 18-5. C,,H,,0,S requires C, 70-4; H, 5-0; S, 9-9; OMe, 19-1%). 
It was hydrolysed to 5-methoxy-6-p-methoxyphenyl-4-phenyl-2-pyrone by hydroxylamine or 
hydrazine hydrate, but recovered unchanged from semicarbazide. 

5-Methoxy-4,6-di-p-methoxyphenyl-2-pyrone.—w,4-Dimethoxyacetophenone (3-6 g., 1 mol.) 
and ethyl -methoxyphenylpropiolate (4-1 g., 1 mol.) were condensed in the presence of sodium 
ethoxide (1-42 g., 1 mol.) at room temperature and the mixture was kept for 10 hr. The yellow 
oil (5*7 g.) recovered from the neutral ethereal solution yielded the pyrone (0-8 g.), m. p. 146°, 
when kept overnight. It crystallised from ethanol in yellow prisms, m. p. 150°, which did not 
give a picrate (Found: C, 71:1; H, 5:3; OMe, 27-2. C,. 9H,,0, requires C, 71-0; H, 5-4; 
OMe, 27-5%). 

5-Methoxy-4,6-di-p-methoxyphenyl-2-thiopyrone was prepared therefrom and crystallised 
from benzene-light petroleum in red prisms, m. p. 183° (Found: C, 68-1; H, 5-3; S, 8-7. 
Cy9H,,0,S requires C, 67-8; H, 5-1; S, 9-0%). 
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517. Reduction of 58-Methyl-3- and -6-ox0-19-nor-56 -cholest-9(10)- 
enes by Metal Hydrides. 
By D. N. Jones and G. H. R. SuMMERs. 


Reduction of 68-acetoxy-58-methyl-19-nor-58-cholest-9(10)-en-3-one with 
sodium in ethanol and lithium aluminium hydride gave 5$-methyl-19-nor- 
56-cholest-9(10)-ene-3,68- and-38,68-diol respectively. Similar reduction 
of 36-methoxy-58-methyl-19-nor-58-cholest-9(10)-en-6-one gave mainly the 
6a-alcohol. The infrared spectra of 38-methoxy-5-methyl-19-nor-58-cholest- 
9(10)-ene and its derivatives, and treatment of 68-acetoxy-58-methy]l-19-nor- 
58-cholest-9(10)-en-38-yl toluene-p-sulphonate with acetate are described. 


REDUCTION of steroid ketones by lithium aluminium hydride or by sodium borohydride 
or related compounds generally produces almost exclusively one of the possible epimeric 
alcohols. This has been expressed in a rule,! which is an oversimplification, that sterically 
hindered and unhindered ketones on hydride reduction give mainly axial and equatorial 
alcohols respectively. The stereochemical outcome of hydride reduction on rigid struc- 
tures of the steroid type certainly seems to be governed principally by steric effects coupled 
with size of the reagent, solvating power of the solvent, and temperature. Thus, recently ** 
it has been postulated that the steric influence of neighbouring groups determines the 
direction of approach of the reagent to the carbonyl group and the relative stability of the 
equatorial and the axial intermediate transition complexes. With ‘“ unhindered” 
ketones the reagent can approach with equal ease from either side, the intermediate 

1 Barton, J., 1953, 1027. 

* Dauben, Fonken, and Noyce, J. Amer. Chem. Soc., 1956, 78, 2579. 


* Dauben, Blanz, Jiu, and Micheli, ibid., p. 3752. 
* See the criticisms of Hardy and Wicker, ibid., 1958, 80, 640. 
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complex adopts the more stable equatorial conformation (non-bonded interactions at 
a minimum), and the equatorial alcohol is furnished on hydrolysis. For “ hindered” 
ketones the less stable axial complex may result if the energy of activation necessary to 
form the equatorial complex is considerable, owing to marked steric compression when 
the reagent approaches from the hindered side of the carbonyl group (compare the reduction 
of 3-keto- with that of 4-, 6-, and 11-keto-steroids). The greater selectivity shown by 
sodium borohydride and lithium tri-t-butoxyaluminium hydride and various analogues 
also clearly depends on the effective size of the reducing anion.5 Moreover, these hydride 
reductions are considered to be bimolecular replacements so that steric factors should 
operate.® 

To test further the influence of steric factors in reduction by metal hydrides and to 
obtain information about the stereochemistry of 58-methyl-19-nor-58-cholest-9(10)-ene- 
38,68-diol 7 (Westphalen’s diol) (I; R = H) we have examined the reduction of its 3- and 
6-oxo-derivatives. 

Treatment of 38,68-diacetoxy-58-methyl-19-nor-56-cholest-9(10)-ene (I; R = Ac) 
with 0-26°% methanolic potassium hydroxide for 35 minutes under reflux, furnished 
Westphalen’s diol (I; R = H) (45%), the 68-monoacetate (II) (24%), a mixture of (II) 
and the 38-monoacetate (V) (25%), and some unchanged diacetate (6%). Under the 
conditions whereby 36,68-diacetoxycoprostane is partially hydrolysed to 6$-acetoxy- 
coprostan-38-ol,? Westphalen’s diacetate is completely hydrolysed. Acetylation of the 
mixture of monoacetates (II and V) regenerated the diacetate (I; R = Ac), but chromato- 
graphy of the mixture was difficult and the 36-monoacetate (V) was obtained only in 
small yield. The same products were obtained by. partial acetylation of the diol (I; 
R =H). The structure of 68-acetoxy-58-methyl-19-nor-58-cholest-9(10)-en-38-ol was 
confirmed by its conversion into the known 68-acetoxy-36-methoxy-58-methyl-19-nor-56- 
cholest-9(10)-ene %1° (III; R = Ac) by silver oxide in boiling methyl iodide. Hydrolysis 
of the 68-acetate (III; R = Ac) gave the 68-alcohol (III; R = H) which on oxidation 
with chromium trioxide in pyridine gave 38-methoxy-58-methyl-19-nor-58-cholest-9(10)- 
en-6-one 1° (IV). Similar oxidation of the 68-monoacetate (II) yielded 68-acetoxy-58- 
methyl-19-nor-58-cholest-9(10)-en-3-one (VI; R = Ac). 

Reduction of 36-methoxy-58-methyl-19-nor-56-cholest-9(10)-en-6-one (IV) with sodium 
in ethanol or with lithium aluminium hydride gave only the 6a-alcohol (VIII). Sodium 
borohydride and sodium-ethanol reduced 6$-acetoxy-58-methyl-19-nor-58-cholest-9(10)- 
en-3-one (VI; R= Ac) exclusively to the 36-alcohol (II; R = Ac) and mainly to the 
3a,68-diol (VII) respectively. Ellis and Petrow* also report reduction with lithium 
aluminium hydride of 66-acetoxy-5$-methyl-19-nor-58-cholest-9(10),11-dien-3-one as giving 
the 38-alcohol. These results contrast surprisingly with the findings ! that metal hydrides 
reduce the corresponding 58-cholestanones to alcohols of opposite configuration * but can 
be readily explained by an examination of the conformation of rings A and B in 58-methyl- 
19-nor-58-cholest-9(10)-ene-38,68-diol (I; R = H). 

The stereochemistry of structural details in Westphalen’s diol is to some extent still 
based on indirect evidence (cf. Ellis and Petrow™). Thus the 5-methyl group is assumed 
to be 8-orientated and this is undoubtedly correct since the formation of the diacetate 


* Reduction of 17a-ethyl-178-hydroxy-5«,10«-estran-3-one *° by sodium borohydride to the 38-alcohol 
appears to be the only example where an axial alcohol is formed predominantly by hydride reduction of 
a 3-keto-steroid. 


5 Wheeler and Mateos, Canad. J. Chem., 1958, 36, 1431. 

* Trevoy and Brown, J. Amer. Chem. Soc., 1949, 71, 6675; Eliel, ibid., p. 3970; Kenner and Murray, 
J., 1950, 406. 

7 Westphalen, Ber., 1915, 48, 1064. 

8 Jones, Lewis, Shoppee, and Summers, J., 1955, 2876. 

® Davies and Petrow, J., 1951, 2211. 

10 Shealy and Dodson, J. Org. Chem., 1951, 16, 1427. 

11 Ellis and Petrow, J., 1952, 2246. 

12 Shoppee and Summers, J., 1950, 687; Wheeler and Mateos, Canad. J. Chem., 1958, 36, 1049. 
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(I; R= Ac) by forced dehydration of 38,66-diacetoxy-5«-cholestan-5-ol involves 1,2- 
rearrangement with consequent inversion at the migration terminus C,,).4% Additional 
evidence has recently been provided by Aebli, Grob, and Schumacher !?° who found that 
equilibration of 58-methyl-19-nor-58-cholest-9(10)-ene derivatives under acidic conditions 
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yielded the A®"-isomers, which were shown to contain a cis-union of rings Aand B. There- 
fore, the 38- and the 68-hydroxyl group in Westphalen’s diol possess the axial conformation. 


OH 
HO Me \ 





(X) 


If ring B is assumed to have the more stable “ half-chair ’’ conformation !* the molecule 
can be represented diagrammatically as either X or Y. Conformation Y may be excluded, 
since the above reduction studies indicate that the 68-hydroxyl in this series is axial; in 
conformation Y it would be equatorial. 

With respect to ring B the 5-methyl group and 8-hydrogen atom now adopt the quasi- 
equatorial and the quasiaxial conformation respectively. The 6-carbonyl group in 
38-methoxy-58-methyl-19-nor-58-cholest-9(10)-en-6-one (IV) is subject to relatively little 
steric compression on the 8-face [1,2-Me (quasiequatorial) and 1,3-H (quasiaxial) inter- 
actions], a consequence of the flattening of ring B by the 9(10)-double bond. On the other 
hand there is significant hindrance on the «-face due to the axial 7- and 4-hydrogen atoms 
(1,2 and 1,3-H interactions), and thus 8-approach of the metal hydride ion is favoured. 
This also explains the ready hydrolysis of the 68-acetoxy-group in the attempted partial 
hydrolysis described above. Formation of the axial 38-alcohol indicates that the usual 
unhindered $-approach of the metal hydride ion to position 3 (cf. 58-cholestan-3-one and 
its derivatives) is now impeded. The summation of steric interference to B-approach now 
amounts to two (1,3) interactions due to the axial 1-hydrogen atom and 5-methyl group 
and exceeds that of the «-face where hindrance is due to two (1,2-H) interactions. 

It is informative to compare these observations with the reduction of some 6-keto- 
steroids, possessing different structural environments about Cg). 6-Keto-steroids of the 
A/B-trans-series are reduced by lithium aluminium hydride, predominantly by rear «-side 
attack, to the axial 68-alcohol,!” though similar reduction of the axial 7«-bromo-derivative 


13 de la Maere, Ann. Reports, 1950, 47, 143. 

14 Aebli, Grob, and Schumacher, Helv. Chim. Acta, 1958, 41, 774. 
18 Grob and Schumacher, ibid., p. 924. 

16 Barton, Cookson, Klyne, and Shoppee, Chem. and Ind., 1954, 21. 
17 Shoppee and Summers, J., 1952, 3361. 
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yields the epimeric alcohols in approximately equal amounts.4® In contrast 5«-cholest-4- 
en-6-one is exclusively reduced to 5a-cholest-4-en-6«-ol: 1° rings A and B in this ketone 
are considerably flattened by the presence of both the double bond, and the carbonyl 
group and carbon atoms 3—7 are coplanar. The 10-methyl group (quasiaxial) has now 
less retarding influence on the top 8-side approach of the aluminohydride anion and in 
the absence of other steric factors the more thermodynamically stable, quasiequatorial 
alcohol is therefore formed. 

In the A/B-cis series, where ring A protudes from the «-face of the molecule, the proximity 
of the a-orientated, axial C-H bonds at positions 4 and 7, and the 4,5-bond might be 
expected to impede approach of the aluminohydride ion from the rear «-side to such an 
extent as to reverse the result obtained with the A/B-trans-ketone. However, a model 
shows that a line perpendicular to the carbonyl linkage lies near the 10-methyl group but 
remote from the above axial bonds. Thus «-approach is subject to less steric retardation 
than $-approach, and again the 68-axial alcohol should be the main product. This has 
been shown to be the case; reduction of 58-cholestan-6-one,™ 38-substituted 58-cholestan- 
6-ones,™* and 6-oxo-5«-cholanic acid (preparation described later) gave the 68-axial alcohol 
in quantitative yield. On the other hand 58-hydroxy-5a-cholestan-6-one * on reduction 
gives the 58,6a-diol exclusively, a result which can be best explained in terms of an intra- 
molecular process brought about by OAIH,~ in the conformation (Z). A similar suggeston 
has been given by Klyne * for the conversion of 17«-hydroxy-20-ketones into 17«,20«-diols 
by lithium aluminium hydride. Similarly, the reduction of 5a-hydroxycholestan-6- 
one 21 and its derivatives gives the 5a,68-diols.* 

A comparison of the carbon-oxygen stretching frequencies of the methoxyl group in 
36-methoxy-58-methyl-19-nor-58-cholest-9(10)-enes and 3a- and 38-methoxy-58-chole- 
stanes *° confirms the axial conformation of the 36-substituent in the former compounds 
(cf. Table). 


C-O stretching frequencies (cm.) of the methoxyl group (CS, solutions). 
38-Methoxy-5f-methyl-19-nor- 


5B-Cholestane deriv. v 5B-cholest-9(10)-ene deriv. v 
3a-OMe 1100 6-One 1091 
3B-OMe 1086 68-OH and 6«-OH 1088 

68-OAc and unsubst. 1089 


Indirect evidence confirming the presence of the 9,10-double bond has been obtained 
from an investigation of 68-acetoxy-58-methyl-19-nor-58-cholest-9(10)-en-38-yl toluene-p- 
sulphonate (IX). -The ester (IX) was formed only under forcing conditions, as with 
androstan-178-ol % and 3«-chloro-58-cholestan-68-ol > where the hydroxyl groups are 
subject to considerable steric compression. The ester (IX) with potassium acetate in 
acetic acid at 95° yielded 58-methyl-19-nor-58-cholest-9(10)-ene-3a,68-diol (VII) and an 
oil, {oJ,, + 128°, which from its analysis and elution characteristics appeared to be a mono- 
hydroxy-compound; it is undoubtedly produced by elimination of the 38-toluene-p- 
sulphonate group and could be either the 3,9(10)-dien-68-ol (X) or the 2,9(10)-dien-68-ol 
(XII). Our experimental evidence favours formula (X). Thus the product showed 
ultraviolet absorption maxima at 208 (c 7600), 237 (e 980) and 254 my (ce 670) and was 
unchanged after brief treatment of the compound with hydrochloric acid in ethanol. 


* Introduction of a 7,8-double bond does not alter this result. Lithium aluminium hydride reduces 
3f-acetoxy-5a-hydroxy-ergosta-7,22-dien-6-one to ergosta-7,22-diene-38,5«,6£-triol. 


18 Henbest and Wrigley, J., 1957, 4596. 

18 Becker and Wallis, J. Org. Chem., 1955, 20, 353. 

20 Jones, Lewis, Shoppee, and Summers, J., 1955, 2876. 

21 Reich, Walker, and Collins, J. Org. Chem., 1951, 16, 1753. 
22 Klyne, Ciba Foundation Colloquia, 1953, 7, 127. 

23 Page, J., 1955, 2017. 

24 Elks and Shoppee, J., 1953, 241. 

25 Shoppee, Bridgwater, Jones, and Summers, J., 1956, 2492. 
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The absorption band at 208 my indicated the presence of an unconjugated diene, which 
must be (X), since (XII) would isomerise to a conjugated diene (XI) or (XIII) under the 
experimental conditions. The extinction coefficient of an unconjugated diene containing 
an exocyclic double bond and an endocyclic double bond is of the order 9600—10,500; 26 
the slightly lower value obtained indicates impurity in the material. The absorption 
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bands at 245 my, together with those of lower intensity at 237 and 254 muy, are consistent 
with the presence of the heteroannular diene (XI). The value calculated by Woodward’s 
methods ®’ for the principal absorption band of 58-methyl-19-nor-58-cholest-1,9(10)-dien- 
68-ol is 244 my, in agreement with the experimental value of 245 my. The extinction 
coefficient 980 corresponds to the presence of 4—6% of diene in the original mixture. 
These results confirm that the view the elimination product consists essentially of the 
3,9(10)-diene (X). 


Hg-CO,H 
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: H } H * H H 
(XIV) (XV) 6H (XVI) OH (XVII) O (XVII) OH 


6-Oxo-58-cholanic was prepared as follows: Oxidation of hyodeoxycholic acid (XIV) 
with N-bromosuccinimide gave 6«-hydroxy-3-oxo-58-cholanic acid (XV), previously 
obtained by partial hydrolysis of methyl diacetoxyhyodeoxycholate and oxidation of the 
resultant 6«-monoacetate with chromium trioxide. Fieser and Rajagopalan ” reported 
that the 3a-hydroxyl groups in cholic and deoxycholic acid are unaffected by N-bromo- 
succinimide in sodium hydrogen carbonate in acetone or acetic acid solution. Wolff- 
Kishner reduction of the acid (XV) gave 6«-hydroxy-58-cholanic acid 8 (XVI) which with 
diazomethane gave an oily methyl ester, [a], +5°. Acid (XVI) with chromium trioxide in 
acetic acid furnished the known 6-oxo-58-cholanic acid (XVII) which with sodium boro- 
hydride and then diazomethane yielded only methyl 68-hydroxy-58-cholanate (XVIII), 
m. p. 112—114°, [oJ,, +52°. 


EXPERIMENTAL 


[a], refer to chloroform solutions. 
Partial Hydrolysis of 38,68-Diacetoxy-58-methyl-19-nor-58-cholest-9(10)-ene.—The diacetate 
(4-35 g.) in methanol (1200 ml.) was treated with a cold solution of potassium hydroxide (4-5 g.) 


26 Dorfmann, Chem. Rev., 1953, 58, 47. 

2? Woodward, J. Amer. Chem. Soc., 1942, 64, 72. 

28 Hoehn, Linsk, and Moffett, ibid., 1946, 68, 1855. 
*® Fieser and Rajagopalan, ibid., 1949, '71, 3935. 
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in methanol (500 ml:). The solution was refluxed for 35 min., cooled, just acidified with 
concentrated hydrochloric acid, basified with ammonia, evaporated to small bulk in a vacuum, 
and worked up in the usual manner. The product, a colourless oil, was chromatographed on 
aluminium oxide (120 g.) prepared in pentane. Elution with benzene-pentane (1:1; 2 x 400 
ml.) and benzene (2 x 400 ml.) gave unchanged starting material (244 mg.), m. p. and mixed 
m. p. 126—128° (from acetone-methanol). Elution with ether—benzene (1:4; 3 x 400 ml.) 
gave a solid (1-05 g.) which crystallized from acetone, to give 68-acetoxy-58-methyl-19-nor-58- 
cholest-9(10)-en-38-ol, m. p. 142—144°, [a],, +89° (c 1-3) [Found (after drying at 80°/0-05 mm. 
for 4 hr.): C, 78-4; H, 11-1. Calc. for C,,H,.O,: C, 78:3; H, 109%]. Aebli, Grob, and 
Schumacher ™ give m. p. 148—149°, [a], +89-2°. Further elution with ether—benzene (1: 4, 
2 x 400 ml.; and 1:1, 4 x 400 ml.) yielded a solid (1-1 g.; Fraction A), m. p. 135—160°, and 
elution with chloroform—methanol furnished 58-methyl-19-nor-56-cholest-9(10)-ene-38,68-diol, 
m. p. 80°, [a],, at 118° (from acetone—methanol). 

Fraction A was rechromatographed on aluminium oxide (30 g.). Elution with ether— 
benzene (1:9; 6 x 100 ml.) gave 68-acetoxy-58-methyl-19-nor-58-cholest-9(10)-en-36-ol, m. p. 
143—146° (from acetone). Elution with ether—benzene (1: 4,4 x 100 ml.; and 1:1,3 x 100 
ml.) and crystallization from acetone furnished a solid, m. p. 1833—138°, which with boiling 
acetic anhydride gave starting material. Further elution with ether—benzene (1:1; 4 x 100 
ml.) gave a solid, m. p. 155—167° (343 mg.), which after four recrystallisations from acetone— 
methanol furnished 3$-acetoxy-58-methyl-19-nor-58-cholest-9(10)-en-68-ol as needles, m. p. 
173—174°, [a],, +113° (c 1-0) [Found (after sublimation at 150°/0-05 mm.): C, 78-2; H, 10-75. 
Calc. for C.3H,,0,: C, 78:3; H, 10-99%]. Aebli, Grob, and Schumacher * give m. p. 169—170°, 
[a], +108-5°. 

Partial Acetylation of 58-Methyl-19-nor-58-cholest-9(10)-ene-38,68-diol.—The diol (5-98 g.) in 
pyridine (33 ml.) was treated with acetic anhydride (1-5 ml.) for 14 hr. at 18°. Working up in 
the usual manner gave a brown oil which was chromatographed on aluminium oxide (180 g.) 
prepared in benzene. This led to diacetate (1 g.), 68-monoacetate (1-08 g.), 36-monoacetate 
(128 mg.), mixture of 38- and 68-monoacetates (1-97 g.), and diol (2-29 g.). 

68-A cetoxy-58-methyl-19-nor-58-cholest-9(10)en-3-one.—A solution of 6f-acetoxy-5$-methyl- 
19-nor-58-cholest-9(10)-en-38-ol (938 mg.) in pyridine (10 ml.) was added to chromium trioxide 
(950 mg.) in pyridine (10 ml.), and the mixture left for 12 hr. at 25°. The oily product was 
chromatographed on aluminium oxide (28 g.). Elution with pentane—benzene gave a colourless 
oil (583 mg.) which solidified under methanol in several days, to give 68-acetoxy-58-methyl-19- 
nor-58-cholest-9(10)-en-3-one, double m. p. 55—58°, 78—80°, [aJ,, +37° (c 1-1) [Found (after 
distillation at 185°/0-05 mm.): C, 77-9; H, 10-5. Calc. for C,,H,,O,: C, 78-7; H, 10-5%]. 
Aebli, Grob, and Schumacher ™ give m. p. 79—80°, [a], +44°. 

The ketone (329 mg.) in ether-methanol (1:1; 20 ml.) was treated with sodium boro- 
hydride (130 mg.) in methanol (4 ml.). After 2 hr. at 18°, the usual isolation furnished a product 
which on chromatography on aluminium oxide (10 g.) with elution by ether—benzene (1 : 9 and 
1:4) gave 68-acetoxy-58-methyl-19-nor-58-cholest-9(10)-en-38-ol (243 mg.), m. p. and mixed 
m. p. 140—142° (from acetone). 

58-Methyl-19-nor-58-cholest-9(10)-ene-3x,68-diol—Sodium (2 g.) was added to a solution of 
68-acetoxy-58-methyl1-19-nor-58-cholest-9(10)-en-3-one (200 mg.) in boiling ethanol (30 ml.); 
after refluxing for 1-5 hr. the solution was poured into water and worked up in the usual way, 
to give an oil (155 mg.). With boiling acetic anhydride this gave a yellow oil which was 
chromatographed on aluminium oxide (5-5 g.). Elution with pentane (40 ml.) and pentane— 
benzene (1:4; 6 x 200 ml.) furnished a colourless oil (86 mg.) (fraction A). Elution with 
benzene (40 ml.) gave 3$,68-diacetoxy-58-methyl-19-nor-58-cholest-9(10)-ene (20 mg.), m. p. 
and mixed m. p. 124—125° (from methanol). ’ 

Fraction A (73 mg.) was treated with lithium aluminium hydride in boiling ether for 30 min. ; 
it gave a colourless oil (58 mg.) which was chromatographed on aluminium oxide (2 g.). 
Elution with benzene, ether, and methylene chloride furnished some oil (15 mg.), and elution 
with methylene chloride—methanol (4:1) gave 58-methyl-19-nor-58-cholest-9(10)-ene-3x,68-diol 
(40 mg.) as an oil, [aJ,, +100° (c 1-1) [Found (after distillation at 160°/0-05 mm.): C, 80-5; 
H, 11-3. C,,H,,O, requires C, 80-5; H, 11-5%]. 

68-A cetoxy-38-methoxy-58-methyl-19 - nor - 58 - cholest-9(10) -ene.—6a - Acetoxy - 58 -methyl- 19- 
nor-58-cholest-9(10)-en-38-ol (220 mg.) was treated with silver oxide (220 mg.; freshly prepared), 
boiling methyl iodide (3-2 ml., freshly distilled). After 7 hr. the solution was filtered, ether was 
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added, and the whole washed with saturated sodium sulphite solution and then water, dried, 
and evaporated. The product crystallized from methanol to give needles, m. p.. 118—120°. 
Treatment with lithium aluminium hydride in boiling ether gave 38-methoxy-58-methyl-19- 
nor-58-cholest-9(10)-en-68-ol as needles, m. p. 107—-108° (from methanol). Shealy and Dodson? 
give m. p. 107—107-5°, [a], +118-5°. 

38-Methoxy-58-methyl-19-nor-58-cholest-9(10)-en-6-one.—38-Methoxy - 58 - methyl-19-nor-58- 
cholest-9(10)-en-68-ol (460 mg.) in pyridine (4 ml.) was treated with chromium trioxide (460 mg.) 
in pyridine (4 ml.). After 17 hr. at 25°, the product was chromatographed on aluminium oxide 
(14 g.). Elution with benzene gave the 6-ketone as needles, m. p. 63—64° (152 mg.) (Shealy 
and Dodson” give m. p. 64:-5—65-6°) (from acetone-methanol); elution with ether gave 
starting material (180 mg.). 

36-Methoxy-5B8-methyl-19-nor-58-cholest-9(10)-en-6a-0l.—(a) 38-Methoxy-58-methyl- 19-nor- 
58-cholest-9(10)-en-6-one (140 mg.) was treated with lithium aluminium hydride in boiling 
ether for 30 min. The product was chromatographed on aluminium oxide (4 g.). Elution with 
benzene and ether—benzene (15 eluates) furnished oils of [«] +20° and +24°. The product was 
38-methoxy-58-methyl-19-nor-58-cholest-9(10)-en-6a-ol, [a], + 20° (c 1-5) [Found (after distillation 
at 165°/0-05 mm.): C, 80-7; H, 11-4. C,,H,,O, requires C, 80-7; H, 11-6%]. 

(b) The methoxy-ketone (1 g.) in ethanol (20 ml.) was refluxed with sodium (5 g.) for 2 hr. 
Isolation in the usual way gave an oil which was chromatographed on aluminium oxide (30 g.). 
Elution with ether (7 x 100 ml.) gave 38-methoxy-58-nor-58-cholestan-9(10)-en-6a-ol as an oil, 
[a], +22° (c 1-1). The infrared spectra of eluates 1 and 7 and the specimen obtained in method 
(a) were identical. 

68-A cetoxy-58-methyl-19-nor-58-cholest-9(10)-en-38-yl Toluene-p-sulphonate.—6-Acetoxy-58- 
methyl-19-nor-58-cholest-9(10)-en-36-ol (910 mg.) in pyridine (10 ml.) was treated with toluene- 
p-sulphonyl chloride (1 g.). After 18 hr. at 20° and 14 hr. at 34° the usual working up gave the 
toluene-p-sulphonate as needles, m. p. 130—132°, [a],, +75° (c 1-1) (from acetone—-methanol) 
[Found (after drying at 20°/0-05 mm. for 12 hr.): C, 72-2; H, 8-9. C,,H,;,0,;S requires C, 72-2; 
H, 9-1%]. 

The 38-toluene-p-sulphonate (540 mg.) was refluxed with potassium acetate (6 g.) in acetic 
acid (25 ml.) for 3-25 hr. The oily product was treated with lithium aluminium hydride in 
boiling ether. The reduction product (348 mg.) was chromatographed on aluminium oxide 
(12 g.). Elution with benzene and ether—benzene furnished an oil (235 mg.), {aJ,, + 128° [Found 
(after distillation at 150°/0-05 mm.): C, 83-3; H, 11-3. Calc. for C,,H,,O: C, 84-3; H, 11-5%], 
Amax, 208 (c 7600), 237 (¢ 915), 245 (c 980), and 254 my (ce 670). This consists of a mixture of 
66-hydroxy-58-methyl-19-nor-5@-cholest-2,9(10)- and 3,9(10)-diene. 

Elution with methanol-methylene chloride furnished 58-methyl-19-nor-58-cholest-9(10)- 
ene-3a,68-diol as an oil, {a],, +88° (c 1-0) [Found (after distillation at 160°/0-05 mm.): C, 80-5; 
H, 11-3. Calc. for C,,H,,0O,: C, 80-5; H, 11-5%]. 

6a-Hydroxy-3-0x0-58-cholanic Acid.—Hyodeoxycholic acid (1 g.) in aqueous acetone (75 ml.) 
was treated with N-bromosuccinimide (1-2 g.) and left for 30 min. at 25°; the resultant gum, 
crystallized from ethyl acetate, gave 6«-hydroxy-3-oxo-58-cholanic acid as prisms, m. p. 188— 
190°, [a], +17° (c 1-0). Hoehn, Linsk, and Moffett 2* give m. p. 196-5—198°, [a],, + 16°. 

6a-Hydroxy-58-cholanic Acid.—6a-Hydroxy-3-oxo-58-cholanic acid (380 mg.) was refluxed 
with hydrazine (1-3ml.) and potassium hydroxide (760 mg.) in ethanol for 30 min. ; ethyleneglycol 
(26 ml.) was added, aqueous ethanol removed by distillation, and the temperature raised to 196°. 
After 3 hr. the mixture was allowed to cool, poured into water, acidified with 2N-hydrochloric 
acid, and extracted with ether. The oil obtained was crystallized from acetone to furnish 
6a-hydroxy-58-cholanic acid as plates, m. p. 203—212°, [a],, + 10° (c 0-9 in dioxan) [Found (after 
sublimation at 180°/0-05 mm.): C, 76-6; H, 10-8. Calc. for C.,H,,O0,: C, 76-55; H, 10-7%]. 
Hoehn e# al.** report m. p. 221—222°, [a],, +8-5° (in dioxan). The methyl ester, prepared with 
diazomethane, was an oil, [«J,, +5°. 

6-Ox0-58-cholanic Acid.—6a-Hydroxy-5f-cholanic acid (342 mg.) in dioxan (5 ml.) and 
acetic acid (30 ml.) was treated with chromium trioxide (415 mg.) in acetic acid (25 ml.). After 
14 hr. at 20°, the mixture was poured into water; the precipitate, after filtration and drying, 
crystallized from ether—pentane to give 6-oxo-5$-cholanic acid, m. p. 142—146°, [a], —39° 
(¢ 1-0 in dioxan). Hoehn e¢ al.** report m. p. 138—140°, [a],, —41-5° (in dioxan). 

Methyl 68-Hydroxy-58-cholanate.—6-Oxo-58-cholanic acid (104 mg.) in moist ether—-methanol 
was treated with sodium borohydride (40 mg.). After 2-25 hr. at 20° the product was isolated 
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as an oil which was esterified with ethereal diazomethane. The oily product was chromato- 
graphed on neutral aluminium oxide (3 g.). Elution with ether—benzene (3:7) and crystal- 
lization from methanol furnished methyl 68-hydroxy-58-cholanate as needles, m. p. 112—114°, 
[a],, +52° (c 0-4) [Found (after distillation at 120°/0-05 mm.): C, 77-3; H, 11-1. C,;H,,O; 
requires C, 76-9; H, 10-8%]. 


One of us (D. N. J.) gratefully acknowledges a grant from the Department of Scientific and 
Industrial Research. 
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518. Crystal-structure Studies of Polynuclear Hydrocarbons. 
Part I. 2:3-8: 9-Dibenzoperylene. 


By Wrii1aM N. Lipscoms, J. MONTEATH ROBERTSON, and M. G. ROSSMANN. 


Determination of the structure of crystalline 2 : 3-8 : 9-dibenzoperylene by 
X-ray diffraction has yielded bond lengths in good agreement with those 
predicted by molecular-orbital computations for a planar molecule. Devi- 
ations of individual atoms by as much as 0-07 A from the mean plane of the 
molecule have been established, however. An intermolecular contact of 
3-2 A for a strictly planar model suggests that these distortions from planarity 
arise from packing. 


FAVOURABLE comparisons of bond lengths as determined by X-ray diffraction with those 
predicted by molecular-orbital methods have led us to investigate the structure of 2: 3- 
8: 9-dibenzoperylene. The results, summarised below, of molecular-orbital discussions * 
are based on an empirical curve relating bond orders and bond lengths. We shall compare 
these predictions with experimental values. 

The molecule was expected to be planar within experimental error, but significant 
nonplanarity has been discovered. This nonplanarity appears to have little effect on the 
bond lengths. 


EXPERIMENTAL 

The crystals, prepared by Clar,? were sublimed yellow needles showing {001} and, some- 
times, {100} faces. ‘ The needle direction is along the monoclinic [010] axis. Unit-cell para- 
meters are a = 16-51 + 0-02, b = 5-23 + 0-01, c = 20-52 + 0-02 A, and B® = 107-8° + 0-2°. 
The absences of (hkl) when k + / is odd, of (402) when A is odd and when / is odd, and of (0k0) 
when & is odd, lead to C,,8-A2/a or C,*-Aa as space-group possibilities. Assumption of four 
molecules of C,,H,, in the unit cell leads to a calculated density of 1-383 + 0-007 g. cm.%, in 
good agreement with the value of 1-394 + 0-002 g. cm.*3 determined by flotation. 

Photographs were taken with the use of Cu-K, radiation (A = 1-542 A) of (A0/) with a crystal 
0-2 x 0-15 mm. in cross-section, of (#1) with a crystal 0-22 x 0-11 mm. in cross-section, and of 
(0&2) with a crystal 0-43 mm. along b and 0-07 mm. along c. Absorption corrections * were 
made only for the (04/) data. Visual estimates were made of intensities with the aid of the 
multiple-film technique,‘ and the usual Lorentz and polarisation corrections were applied. A 
correction of the film factor was made in the case of (#11) for which the X-rays passed obliquely 
through the film. The structure factors are listed in Table 8. 

Structure Determination.—The short 6 axis led to a study of the projection along [010] as 
the first step. If the molecule were truly centrosymmetric, this projection would be the same 


1 D. G. Watson, B.Sc. Thesis, University of Glasgow, 1956; Goodwin and Watson, J., 1959, 2625; 
Hall, Trans. Faraday Soc., 1957, 58, 573. 

2 Clar, Ber., 1932, 65, 846. 

3 Albrecht, Rev. Sci. Instr., 1939, 10, 221. 

4 Robertson, J]. Sci. Instr., 1943, 20 175. 

5 Rossmann, Acta Cryst., 1956, 9, 819. 
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in A2/aasin Aa. Moreover, the molecule was expected to be nearly resolved in this projection. 
Furthermore, the extraordinarily large (18,0,2), (18,0,4), (8,0,6), (6,0,16), (4,0,16), (6,0,20), and 
(14,0,12) reflections suggested that nearly all carbon atoms were in phase for each of these 
reflections. Hence, traces were made of these planes and, after a few trials, a lattice of hexagons 
(Fig. 1) was formed by superposition of these traces, with due regard for the centre of symmetry 
at the origin of this projection. These hexagons showed clearly that the molecule is tilted 
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Fic. 2. Projection of the dibenzoperylene 
structure on (010). Contour scale, one 


electron per A?, the first line being broken. Fic. 3. Atomic arrangement corresponding to the 


projection on (010). 








about 45° from the plane of projection; but there were at least six different ways of fitting the 
molecule to this array of hexagons. However, on account of the very intense (202) reflection, 
the long direction of the molecule was assumed along this direction, thus reducing the number 
of possible structures to two. The correct structure in this projection was then found by trial 
of these two possibilities, and three cycles of F, — F, syntheses reduced the value of R = 
YI IF | — |F.l| IS\Fo | to 0-15. This refinement includes the contributions of hydrogen atoms 
and the anisotropic temperature factor B = 2-5 + 2-7 sin® (6 — 160°), where ¢ is the angle 
between the c axis and the normal to a given plane. This variation of B between the limits 
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2-5 A® and 5-2 A* was indicated by the second F, — F, synthesis, in which the direction of 
largest vibration appeared to be the long direction of the molecule in projection. The electron 
density projected along [010] is shown in Fig. 2, and the relation of the different molecules in 
the unit cell is shown in projection in Fig. 3. 

When satisfactory x and z co-ordinates were obtained, attention was given to the (0/) 
data to obtain the y co-ordinates. The assumption that the molecular centre of symmetry lay 
in the a glide plane of space group A2/a gave good agreement for planes for which k + /is even, 


but poor agreement for planes for which k + /isodd. Hence, the molecular centre of symmetry 
> > 
was shifted by (6 + c)/4 so that it lay between the a glide planes. All (Ok/) planes were then 


in satisfactory agreement, and a tentative assumption, later proved correct, was made that the 
space group was A2/a. The molecular arrangement, however, was basically correct at this 
stage, and the molecular packing strongly resembled that in similar aromatic molecules such as 
coronene and ovalene. Besides some remaining discrepancies between observed and calculated 
(ORl) reflections, there were some unusually long and short bond lengths, and a contact of only 


3-2 A between carbon atom L of one molecule and the corresponding atom L’ of the molecule 
> > 
related by (b + c)/2. A reinvestigation of the (#0/) data did not resolve these difficulties. 


Hence, the possibility of distortion of the molecule to nonplanar form, especially in the region of 
carbon atom L, was investigated with the use of the (/1/) data 

This small distortion from planarity can be made in space group A2/a in which the molecule 
would remain centrosymmetric, or in Aa, in which a noncentrosymmetric distortion could 
occur. A simple method of testing the correctness of the centrosymmetric distortion is, then, 
to compare the y co-ordinates and R values for (A1/) reflections for h odd with the R value for 
reflections for h even. Separate refinement of these two classes of reflection by the use 
of difference-generalised projections ® gave final values of R = 0-15 for the 132 (All) planes for 
h odd and R = 0-17 for the 128 planes for 4 even, the (311) plane, thought to be subject to 
extinction, being omitted. The y co-ordinates obtained from these two independent sets of 
data agreed remarkably well, and thus confirmed the centrosymmetric type of slight out-of- 
plane distortion of the molecule. 

A final series of refinements was carried out at the University of Minnesota with the aid of 
the Univac Scientific 1103 high-speed digital computer. Five cycles of least-squares refine- 
ment of all (h0/), (#12), and (Ok/) data were carried out with the use of six independent thermal 
parameters for each carbon and one isotropic thermal parameter for each hydrogen atom. 
Weighting factors described elsewhere ? were used with Fy, chosen as 3. The final values of 
R = 0-12 and ry = 0-086 were obtained.’ 

Results and Accuracy.—The final co-ordinates, expressed as ratios of the cell lengths, after 
the least-squares refinements, are shown in Table 1. Standard deviations of 0-00054 (0-009 A) 


TABLE 1. Atomic co-ordinates. ‘ 


Atom x y z Atom * y z 
A — 0-05966 0-44047 0-26584 H —0-12793 0-61287 0-34780 
B —0-01311 0-24868 0-31648 I —0-18169 0-79004 0-36520 
Cc 0-04540 0-06190 0-30068 J —0-19180 0-78966 0-43109 
D 0-09155 —0-11296 0-34916 K —0-14999 0-59927 0-47697 
E 0-14692 —0-28317 0-33368 L —0-09760 0-41830 0-46137 
F 0-16079 — 028890 0-27035 M —0-08665 0-43382 0-39584 
G —0-11545 0-61235 0-28045 N —0-02978 0-26269 0-37960 


for x, 0-00364 (0-019 A) for y, and 0-00044 (0-009 A) for z were computed from the diagonal 
terms only of the least-squares matrix, and lead to standard deviatioys of 0-032 A in the C-C 
bond lengths, or 0-023 A in the position of a carbon atom. On the average, these final co- 
ordinates differ but little from those obtained from the earlier Fourier refinement, but maximum 
differences are 0-037 A for the x co-ordinate of atom G, 0-062 A for the y co-ordinate of atom J, 
and 0-045 A for the z co-ordinate of atom K. We feel that even these maximum differences 
are not significant and that the least-squares results are the more accurate. An estimate of 
0-015 for standard deviations of x and z was obtained from the curvature of the electron density 


6 Rossmann and Shearer, Acta Cryst., 1958, 11, 829. 
? Dickerson, Wheatley, Howell, and Lipscomb, J. Chem. Phys., 1957, 27, 200. 
4Q 
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of the (h0/) projection by the Fourier method ** of assessing errors, but this method does not 
yet include a proper weighting scheme or corrections for convergence, and, in this example, does 
not include all the data. 

The anisotropic thermal motion was treated by means of the factor 1° 


qlh,k,l) = exp — (bh? + Bagh® + Dygl? + Byghhk + dogkl + b,,hI) 


where 6,, = 2n*a*?U,,, by, = 2 X 2n%a*b*U jy, etc., Uj; being the components of the symmetric 
tensor which characterises the anisotropic vibrations of each atom. The final parameters 


TABLE 2. Values of bi which apply to the co-ordinates as defined in Table 1. 


Atom bi boo bs bie bes dis 
A 0-00307 0-00100 0-:00269 —0-00422 —0-00270 0-00138 
B 0-00401 0-01969 0-00276 — 0-00306 —0-00718 0-00142 
Cc 0-00326 0-06038 0-00254 —0-00301 0-00354 0-00110 
D 0-00347 0-06211 0-00286 0-00241 0-00163 0-00120 
E 0-00430 0-09716 0-00301 —0-00115 0-00125 0-00248 
F 0-00360 0-03725 0-00327 0-00397 0-00235 0-00181 
G 0-00321 0-04328 0-00297 0-00991 0-00016 0-00238 
H 0-00454 0-01661 0-00282 —0-00257 0-00334 0-:00281 
I 0-00402 0-12417 0-00384 —0-00793 0-00335 0-00242 
J 0-00466 0-08452 0-00379 —0-00445 0-00931 0-00199 
K 0-00430 0-08820 0-00371 — G-00082 —0-00510 0-00242 
} 0-00506 0-09480 0-00292 0-00145 0-00330 0-00261 
M 0-00398 0-04631 0-00297 0-00107 0-00300 0-00249 
N 0-00516 0-07393 0-00307 — 0-00985 0-00193 0-00224 


obtained as a result of the least-squares refinement are given in Table 2, and apply to the 
co-ordinates given in Table 1. No complete analysis of the thermal motion as defined by 
these parameters has been attempted, but it appears that on the average the values of the 
Debye temperature factor (B) along the a, b, and c axes are roughly 3-5, 6-0, and 3-5 A-. 

The hydrogen atom positions were included in the least-squares refinement, with isotropic 
temperature factors, and the final values obtained are given in Table 3. These figures are 
subject to large errors, the standard deviation in position being about 0-25 A and in C-H bond 
oe about 0-35 A. These bond lengths vary between 0-8 and 1-3 A, the mean value being 
1-00 A. 


TABLE 3. Hydrogen parameters. 


Atom x y Zz B Atom * y Zz B 
O(l) — 0-229 0-912 0-338 5-4 S(N) 0-011 0-095 0-423 6-6 
P(J) — 0-234 0-879 0-441 2-9 T(D) 0-087 —0-179 0-397 4-5 
QO(K) — 0-165 0-599 0-525 0-8 U(E) 0-177 — 0-338 0-373 0-5 
R(L) — 0-061 0-314 0-498 0-1 V(F) 0-207 — 0-323 0-264 0-7 
The mean plane of the molecule is Y = —1-0513X — 0-5110Z + 2-1599, where X = x + 


, 


zcos 8B, Y = y,and Z = z sin B is a conversion to an orthogonal system described by a, b, and c 
orthogonal to a and b. The deviations of each atom from this plane are listed in Table 4. 


TABLE 4. Distances (A) of atoms from mean plane. 


Atom Distance Atom Distance Atom Distance 
A — 0-006 F — 0-024 K 0-008 
B 0-009 G 0-007 pa 0-067 
Cc 0-019 H — 0-002 M 0-035 
D —0-014 I — 0-036 N 0-011 
E — 0-026 i — 0-066 


Atoms L and J appear to be significantly off the mean plane. In our less accurate Fourier 
results, atom L was 0-080 A and atom J was —0-039 A away from the molecular plane, and the 
average of all of the differences between the Fourier and least-squares final values was only 
0-016 A. 

8 Hughes and Lipscomb, J. Amer. Chem. Soc., 1946, 68, 1970. 


® Cruickshank, Acta Cryst., 1949, 2, 65. 
1 Cruickshank, Acta Cryst., 1956, 9, 747. 
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The perpendicular distance between molecular planes is 3-42 A, almost identical with the 
value of 3-40 A for graphite. The nature of the contacts perpendicular to the molecular planes 
is shown in Fig. 4, in which the carbon atoms in contact tend to avoid direct overlap. 

Bond lengths are shown in Table 5 where they are compared with the values computed by 
the molecular-orbital method. The agreement is remarkably good, with an average deviation 
of 0-016 A and a maximum deviation of 0-05 A. The strictly planar model shows an average 
deviation of 0-037 A and a maximum deviation of 0-12 A from the least-squares model of Table 5. 
The model obtained from the earlier Fourier refinements is not shown here, but it shows an 
average deviation of 0-032 A and a maximum deviation of 0-07 A from the least-squares model, 


Fic. 4. Normal projection of two parallel 
molecules. 





and an average deviation of 0-042 A and a maximum deviation of 0-07 A from the molecular- 
orbital model. Of all of these comparisons, the best by far is between the least-squares model 
and the molecular-orbital model, as shown in Table 5. 

Bond angles are shown in Table 6. The maximum variations from 120° are 5-7° for angle 
MNB and 6-0° for NBA, which are associated with the buckled region of the molecule. 

The short intermolecular contact between atom L on the standard molecule and atom L’ on 


> => 
the molecule translated by b/2 + c/2 from the standard molecule remained short, even after 
further refinement of the y co-ordinates by use of the generalised-projection technique. It was 


TABLE 5. 

Bond X-Ray M.O. Bond X-Ray M.O. Bond X-Ray M.O. Bond X-Ray M.O. 
AB 1-48 1-45 FG’ 1-42 1-41 HI 1-40 1-41 LM 1-41 1-42 
BC 1-48 1-47 CA’ 1-45 1-43 IJ 1-41 1-38 MN 1-41 1-43 
CD 1-39 1-40 AG 1-38 1-42 JK 1-40 1-40 NB 1-41 1-38 
DE 1-38 1-39 GH 1-46 1-46 KL 1-38 1-38 MH 1-38 1-43 


EF 1-39 1-38 


TABLE 6. Bond angles computed from final parameters. 


Angle Angle Angle Angle Angle 
C’AB 117-1° DEF 122-7° F’GH 119-9° GHM 119-6° HIJ 120-8° 
ABC 121-9 EFG’ 118-2 GHI 121-8 HMN 1188 IJK 117-8 
BCA’ 121-0 FG’A’ 119-9 NML 118-5 MNB 125-7 JEL 123-1 
BCD 121-9 G’A’C 121-2 BAG 121-7 NBA 114-0 KLM 116-9 
A’CD 117-0 CBN 124-2 AGH 120-2 MHI 118-7 LMH 122-7 
CDE 121-0 
TABLE 7. Intermolecular distances (A) according to Fourier refinement. 

S-SIII Distance S-SII Distance SI-SII Distance SII-SIII Distance 
| ER 3-26 | oR 3-66 | Oe 3-82 | Pog 3-68 
Beater 3-52 Pecak 3°70 | Pe i 3°83 Fueule 3°77 

| 3-94 ee 3-81 | ee 3-90 fear 3-90 
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TABLE 8. Observed and calculated structure factors for 2 : 3-8 : 9-dibenzoperylene. 
hkl Fo Fe  ihhkl Fo Fe hkl Fo Fe hkl Fo Fe hkl Fo Fe bhl Fo Fe 


000 — 736 60,12 15 +14 1,1,13 9 —12 41,19 9 —12 81,19 10 +11 13,1,9 10 —5 
200 82 +94 60,10 14 +15 1115 10 +8 4,1,3T 5 +6 91,17 12 +15 13,1,5 10 +2 

400 141 —142 606 66 +61 1,1,19 7 +8 5,1,15 8 +4 917 5 +2 13,13 6 —-2 

600 36 +42 604 16 —12 11,31 10 +6 5,1,11 6 -—3 915 9 -—7 = 13,11 10 +14 

800 19 —10 602 38 —42 2,1,21 4 -3 519 6 +4 913 9 —12 13,1,1 14 +11 

020 46 —60 602 20 +418 2,1,19 4 +4 517 46 +38 911 18 +21 13,1,3 22 —19 

060 22 —22 604 14 +10 2,117 22 +23 515 56 —65 913 35 —36 13,15 5 +5 

002 102 —102 605 22 —26 21,15 22 —25 513 34 —34 915 9 —17 13,1,7 6 +5 

004 36 —34 608 14 —10 2,1,13 4 -1 511 60 +71 917 17 —18 13,1,5 8 +11 

006 34 +34 60,10 26 —29 2,1,1) 28 —25 511 22 +15 915 10 —10 13,1,1T 8 +6 

008 27 +28 ,0, 13 8 —9 219 18 —18 613 38 +42 91,11 11 +1 = 13,1,15 6 —5 

0,0,10 31 —28 60,18 27 +24 217 22 —22 515 33 +30 9,113 11 —16 13,1,17 6 -—8 
0,0,12 17 —12 6,0,.20 19 —25 215 40 —5l 517 10 +2 91,15 22 +25 141,65 8 +8 
0,0,16 14 —13 8,016 18 —18 213 4 -1 519. 26 +22 91,17 14 +17 141,3 26 —24 
808 54 —38 211 102 —109 5,111 17 —20 91,19 12 -—18 14]1,1 19 +11 

011 74 80 806 90 +73 211 152 +142 5,113 18 —17 10,1,17 2 —4 14,1,IT —3 

013 41 +3 808 14 +18 21 30 +27 5,1,15 6 +11 10,1,13 9 -—-6 141,3 20 +18 

015 26 5 80,12 13 +7 215 14 —16 51,19 7 -—6 10,1,11 5 +6 14,1,7 7 +8 

017 6 —14 80,14 14 —19 217 6 +12 61,17 13 —11 10,1,7 26 —21 14,1,5 6 +5 

019 44 +35 8,0,18 20 +22 215 42 +49 61,15 18 +18 10,1,5 4 46 141,1T 10 +10 

0,1,11 30 —23 10,0,2 ll +11 2,1,11 4 +7 6,1,13 6 +4 10,1,3 6 +6 141,73 10 +11 
0,1,13 8 +5 10,073 22 -22 21,13 10 +11 619 6 +5 10,11 10 -7 141,19 5 —4 
0,115 38 —41 10,0,14 9 +12 2,1,19 9 —14 617 32 +34 10,13 9 -6 = 15,15 10 +6 
01,17 10 +6 12,02 14 —23 21,21 10 +9 615 9 +9 10,15 7 —7 15,13 33 —36 
022 17 +24 1203 54 +59 3,1,21 4 -3 613 26 +27 = 10,1,7 10 —12 15,1,1 14 +14 

024 50 +50 12,04 16 —10 3,1,19 8 +6 611 4 -9 10,1,5 8 +6 15,11 5 +15 

026 16 —17 12,013 22 +11 31,17 13 +14 611 13 -—18 101,11 16 +9 165,1,3 12 —10 

0,216 16 —18 12,074 54 —44 3,1,15 6 —3 613 43 —51 10,173 38 -—42 15,1,7 6 +5 
0,220 14 +19 120,76 10 —12 3,1,13 6 —4 615 40 +37 10,115 18 +14 16,1,9 3 —3 
035 25 -—29 140,12 10 —13 3,1,11 8 —7 617 14 +12 101,19 10 +12 16,1,7 3 +3 

04,16 14 +15 1404 28 +23 319 6 +6 619. 48 —49 11,1,15 6 +2 16,1,5 ll +8 
140,12 87 +95 317 27 +24 61,11 13 +10 = 11,1,13 6 -—3 16,1,3 16 —18 

2,014 26 —19 140,14 35 —46 315 59 —53 61,15 17 +15 11,111 10 +10 = 16,11 2 -1 
2,0,12 17 —19 140,16 9 -8 313 10 —14 6,1,15 6 -—7 11,19 9 —4 16,1,1 ll —l1 
2,010 10 —8 16,0,6 9 —6 311 251 +239 7,1,19 6 —2 11,1,7 26 +26 16,1,9 5 +3 
206 6 —9 16,0,4 13 0 s1I «102 —134 7,117 17 +22 = 11,1,5 8 -—6 161,11 10 — 

204 95 —111 16,0,2 8 —19 313 35 —38 71,15 16 —18 11,13 6 +6 161,13 23 +422 

202 156 —162 16,0,10 9 —11 315 4 -9 7,1,13 4 -8 11,1,IT 6 +5 16,1,19 4 +44 

202 23 +21 160,72 30 +26 317 §- —1 715 9 +5 11,13 18 +14 16,1,2T 6 +5 

204 96 98 160174 10 +11 3195 24 —30 713 30 2 «111,1,5_ 8 —3 17,1,7 3 +6 

206 34 +32 160,16 20 +20 3,1,15 6 —ll 711 42 —43 11,111 11 +12 = 17,1,5 6 +6 

2,0,10 98 +97 18,0,4 41 +45 3,119 11 —18 711 4 +4 111,13 66 —58 17,1,3 6 —5 
2,0,T2 14 —11 18,0,2 24 —34 31,21 10 +9 713 64 —52 111,75 10 +13 17,11 5 —5 
2,0,14 23 —26 18,012 22 —26 4,1,17 9 +13 715 43 +46 11,117 12 +11 17,1,1 3 —4 
40,18 18 —8 41,15 12 +411 717 10 —15 = 11,1,19 5 -—5 17,1,3 6 +4 
40,16 78 +66 1,1,17 2 +20 4,1,13 7 +8 715 50 +55 121,13 13 -—8 17,1,7 9 —12 
40,14 26 —22 11,15 65 —6l1 4,1,11 5 +7 7,113 17 +18 12,1,11 7 #+6 417,1,0T 24 +23 
40,12 21 —12 1,1,13 8 +8 419 10 —13 8,1,19 5 +1 12,19 7 #++7 «17,1,13 24 —24 
406 33 —38 11,11 37 +442 417 26 +28 81,17 19 +20 12,1,7 12 —13 17,1,15 3 —2 

404 6 —10 119 17 —26 415 44 —40 8,1,15 6 +8 12,11 9 +7 = 18,1,3 6 +6 

402 8 +14 117 7 —18 413 12 +11 8,1,11 7 =-8 12,13 20 +18 18,1,3 6 —6 

403 17 —24 115 26 +30 411 156 —161 817 6 -—3 12,15 8 -—7 18,1,7 9 —10 

404 36 —40 113 14 —ll 411 34 +45 815 10 +10 = 12,1,7 6 -—9 181,II 21 —17 

406 19 —28 111 46 —42 415 21 —20 811 30 +33 12,1,5 4 +46 18,1,T3 9 +7 

408 94 —94 11T 36 —33 417 2 —5 813 44 —42 121,71] 12 +16 19,1,5 7 +5 

40,10 106 +93 113 43 —32 419 6 —13 815 29 +30 121,13 26 -—26 19,1,7 8 —ll 
4,0, 13 +11 115 18 +14 41,11 14 +415 817 18 +18 121,17 11 —13 191,11 14 +10 
40,350 10 —28 117 7 +9 4,1,15 9 +10 815 26 —23 12,1,19 4 -—4 20,15 6 +6 
6,0,18 18 —18 119 43 +38 4,1,17 6 +4 81,15 11 +14 13,1,13 6 -—9 20,1,II 3 -3 


6,0,16 31 +22 11,11 32 —31 


found to be 3-26 A, while the least-squares refinement gives a molecular contact of 3-24 A. All 
other molecular contacts are greater than 3-40 A. The closest approach between atoms in 
molecules related by the translation b is 3-49 A. 

Molecular contacts less than 4-0 A, apart from molecules related by translation b, are given 


in Table 7. S refers to the standard molecule; SI, SII, and SIII are molecules related to the 
>> > > > 
standard by the translation b, (a + b)/2, and (b + c)/2, respectively. The relative arrange- 


ment of the molecules as viewed down the b axis is seep in Fig. 3. The hydrogen atom attached 
to atom L and the symmetry-related hydrogen on L’ clear each other by 2-9 A. 


DISCUSSION 


This is not the first time that an apparently planar molecule has been found slightly 
buckled. In anthracene ™ the distortion is very small and almost certainly due to packing 
effects. In chrysene * there are small displacements in the end rings similar to those 
found in the present investigation. In every case there appears to be a very good logical 
explanation for the production of slight buckling. If the molecule takes on a slightly 


11 Cruickshank, Acta Cryst., 1956, 9, 915. 
12 Tball, personal communication. 
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distorted shape, then the atoms of neighbouring molecules—generally hydrogen atoms— 
are able to pack into slight cavities, leaving less empty space elsewhere. There cannot be 
any doubt that in certain cases the energy of strain in distorted molecules is less than the 
energy gained by closer packing. It appears that such is the case here. Two molecules 
have come excessively close together, presumably to reduce empty spaces in the crystal 
structure. There are other crystals in which similar short distances have been observed. 

The reasons which have accrued to give very strong evidence of out-of-plane distortion 
in this case are: (i) Atom L is furthest from the mean plane, and its displacement (between 
0-07 and 0-08 A) is significant. It is the same atom which approaches a symmetry-related 
atom on another molecule to within 3-26 A. (ii) The displacements of the other atoms 
from the mean plane of the molecule are sensible. Atom L and its neighbour, M, are 
both above the mean plane, while the two opposite atoms, J and J, are both below the 
mean plane. The remaining two atoms, which act as a kind of axis of rotation for the 
ring, are almost exactly on the mean plane. (iii) The atoms, apart from those in the ring 
containing atom L, are displaced far less from the mean plane. (iv) The bond lengths in 
the ring containing atom L become more sensible on assumption of a buckled, rather than 
planar, molecule. 

There is no significant difference between the results of the molecular-orbital calcul- 
ations and the X-ray work. The former had to be based on the assumption of a planar 
molecule, but this does not appear to have affected the validity of the results to 
any great extent. 

We thank Dr. E. Clar for the crystal sample. 

CHEMISTRY DEPARTMENT, UNIVERSITY OF GLASGOW. 

SCHOOL OF CHEMISTRY, UNIVERSITY OF MINNESOTA, 

MINNEAPOLIs 14. [Received, December 29th, 1958.] 


13 Herbstein and Schmidt, J., 1954, 3302, 3314; Rossmann, following paper. 





519. Crystal-structure Studies of Polynuclear Hydrocarbons. 
Part II.* 1:9-5:10-Diperinaphthyleneanthracene. 


By M. G. RossMANN. 


A detailed X-ray structural investigation has been made of the over- 
crowded ‘aromatic hydrocarbon 1: 9-5: 10-diperinaphthyleneanthracene. 
The monoclinic crystals,-space group P2,, have two molecules per unit cell. 
The distortion of the molecules was studied by means of difference-generalised 
projections of the (41/) planes which were able to distinguish between the 
two possible modes of buckling. The molecules possess approximate 
twofold axes through their centres. The atoms in the overcrowded positions 
clear each other by 2-9—3-0 A. 


1:9-5:10- and 1: 9-4: 10-DIPERINAPHTHYLENEANTHRACENE, (I) and (II) respectively, 
were prepared by Clar and Kelly.1 They observed electronic absorption bands near 
6300 A for (I) and 6435 A for (II), and no other bands in the red region as far as 10,000 A. 
One object of this X-ray diffraction study was to provide independent proof of the formula 
assigned to (I), because of Dewar’s ? prediction of absorption at 8430 A for (I) as contrasted 
with an acceptable prediction of absorption at 6410 A for (II). 

A second object was that (I) can reasonably be expected to show nonplanar distortion 
owing to overcrowding near the atoms marked *. Similar studies on closely related 


* Part I, preceding paper. 


1 Clar and Kelly, J., 1954, 1108. 
2 Dewar, J., 1952, 3539. 
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overcrowded molecules have appeared. Unfortunately, none of these studies, including 
the present one, is sufficiently accurate to permit conclusions of the effects of over- 
crowding on bonded distances, but they do give significant and useful data on intra- 
molecular and intermolecular non-bonded contacts and on intramolecular strain. 


ee ene 
OSES 


EXPERIMENTAL 





(I) 


The reciprocal lattice symmetry C,, and extinction only of (0k0) when k is odd led to a 
monoclinic cell with parameters a = 11-95 + 0-03, b = 7-83 + 0-02, c = 11-17 + 0-03 A, and 
8 = 92° 18’ + 20’, having space-group symmetry C,?—P2, or C,,?—P2,/m. Assumption of two 
molecules of C,,H,, in the unit cell gives a calculated density of 1-356, in agreement with the 
measured density of 1-359. No molecular symmetry is required in the space group P2,, but in 
P2,/m either a centre of symmetry or a mirror plane could occur. Weissenberg photographs were 
taken of the (02), (OR1), (ARO), and (412) nets in which 28%, 43%, 37%, and 28%, respectively, of 
all accessible reflections were recorded. Each of two crystals with dimensions 0-030 x 0-010 x 
0-50 cm. and 0-010 x 0-006 x 0-50 cm. was used to photograph both the (h0/) and (h1/) 
reflections. For the (4k0) zone a specimen with dimensions 0-017 x 0-072 cm. perpendicular 
to c was used, and for the (0k/) zone one with 0-014 x 0-100cm. perpendicular toa. Absorption 
corrections (u = 6-50 cm.) were made only to the (Ak0) and (Ok/) data. The multiple-film 
technique and Cu-K,, radiation (A = 1-542 A) were used throughout, and visual estimates were 
made, after which the usual Lorentz-polarisation corrections were applied. The atomic 
scattering factors listed by McWeeny ‘ were used. 

Single crystals, prepared by sublimation, were pyramid-like needles, opaque and dark red. 
In quantity, or in powdered form, they appear dark blue. The presence of overgrowths and 
ease of bending produced difficulty in obtaining good specimens. The needles axis is along b. 

Structure Analysis.—Both a ratio test § and a distribution curve ® failed to distinguish between 
P2, and P2,/m, probably because of symmetry in the molecule itself.?_ Hence statistical 
methods were abandoned and a detailed examination of intensities was made. The strongest 
reflection (020) strongly suggested a layer structure, with at least roughly planar molecules 
perpendicular to b and spaced by 6/2. The observation that (A1/) reflections were in general 
greater in intensity than (A0/) in a b axis rotation photograph clearly suggested that the mole- 
cular centres are not coincident with centres of symmetry in P2,/m. Planar and roughly 
parallel molecules, if not tilted too much, require a b axis of almost 7 A. But the observed 
b = 7-83 A is suggestive of an amount of nonplanarity, about 0-5 A per molecule, similar to that 
observed in earlier studies of overcrowded molecules. This rules out the possibility of exactly 
planar molecules lying in mirror planes of P2,/m. Thus these reasons, and also an expected 
buckling within the molecule, lead to the tentative conclusion, confirmed below, that the 
correct space group is P2,, not P2,/m. . 

Location of the centre of the molecule was then accomplished by a detailed comparison of 
(202) and (h12) structure factors, as will now be described. Elementary packing considerations 
indicated that the long axis of the molecule must lie approximately along [101] or [101] in order 
to leave at least 3-4 A between neighbouring molecules. Now we may choose the origin in the 
space group P2, at x = z = 0, and the y co-ordinate of the centre of the two molecules at 
Y = } and 3, with no loss of generality. Because the molecules lay approximately in layers 


% McIntosh, Robertson, and Vand, J., 1954, 1661; Herbstein and Schmidt, J., 1954, 3302, 3314; 
Hirshfeld and Schmidt, Acta Cryst., 1956, 9, 233; Robertson and Trotter, following paper. 

* McWeeny, Acta Cryst., 1951, 4, 513. 

5 Wilson, Acta Cryst., 1949, 2, 318. 

® Howells, Phillips, and Rogers, Acta Cryst.,.1950, 3, 210. 

7 Rogers and Wilson, Acta Cryst., 1953, 6, 439. 
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perpendicular to b, it was assumed at this stage that they are exactly planar and perpendicular 
to b, with corrections for nonplanarity to be introduced later. Thus, for the moment, we are 
assuming space group P2,/m, with the origin at a centre of symmetry. Now, let +’, y’, 2’ be 
the co-ordinates of an atom relative to the molecular centre of symmetry at X,}, Z. Then the 
structure factor becomes, if we ignore hydrogen atoms, 


Fru/f = 4(—1)" cos 2x (hX + IZ). cos 2n (hx’ + Iz’) 
Ny2 
when k = 2n, and a similar expression where (— 1)" is replaced by (—1)"*? and cos 2x (hX + /Z) 


is replaced by sin 2x (hX + 1Z) when k = 2n + 1. N is the number of atoms in one molecule 
and f is the atomic scattering factor. Thus we can show that 





, |F nol Shoo 7 |Foul foo 
tan 2nhX| = ——— and jtan 2n/Z| = 
| | |Fhoo| fhr0 | | | Fool fou 


from which possible values of X and Z can be found from the observed reflections. Note that 
all distinct structures are covered if we examine only the ranges 0< X <a/4 and 


—c/4 << Z<c/4. The results, summarised in Tables 1 and 2, indicate that X = 58° and 
Z = +14°. Further comparison of (A1l) and (h0/) reflections, with the use of the equation 


| Fil fot 
| Fro fast 


indicated uniquely that the molecular centre is at X = 58°, Z = 14°, and by assumption, 
Y = 90°. Final values were later shown to be X = 56° and Z = 13° after refinement. 


|tan (h 58° + 7 14°)| = 





TABLE 1. Application of the equation |tan 2xhX| = |Fyy0\ fro! |Fn00\ Suro: 


Possible solutions for X are italicised. The mean value of X = 58°. 


h0OO |Fyoo! fro 210 |Fyol Sao [tam 2rhX| 2nhX Xx(°) 
100 233 495 110 365 426 1-815 61° 61 

200, 169 420 210 300 402 1-855 62° 31 59 

300 11-8 360 310 07 339 0-079 5° 2 59 62 

400 7-7 300 410 50 285 0-680 34° «9 37 56 82 

500 64 249 510 27:3 243 438 77° 15 20 51 56 87 

600 29:2 2-07 610 194 2-01 0-685 34° «6 «24 38 54 66 73 

700 67 1-74 710 64 168 0-989 45° 6 19 32 45 58 71 83 

11,00 46 078 11,10 55 O78 1-040 46° 4 12 21 29 37 45 53 61 70 78 87 


The molecular centre is now located, and the approximate molecular orientation was found 
by comparing values of R = >||F.I = IFAll/S IF for orientation of the long molecular axis 
along [101] or along [101]. Far better agreement was obtained with the long molecular axis 
along [101], that is, approximately parallel to the (101) planes. 


TABLE 2. Application of the equation \tan 2nlZ| = |Foy1\ foor!|Foo1| foul 


Possible solutions for Z are italicised. The mean value of Z = 14°. 


00! Feo: foo: Of Fou fom |tan2mlZ| 2nlZ Z(°) 
001 642 483 O11 227 426 0-401 22° 22 

002 36-9 411 012 87 381 0-256 15° 8s 82 

003 14:7 339 O13 11-0 318 0-798 39° 13 47 73 * 

005 «14 228 O16 35 219 2-53 68° 14 22 50 58 86 

006 16 1:89 O16 27 1:83 1-74 60° 10 20 40 50 70 80 

008 41 1:26 O18 87 1:23 217 65° +8 14 30 37 53 59 75 82 

009 10-4 1-02 019 16-7 0-99 1-625 58° «6 «14 26 34 46 54 66 74 86 - 
00,10 22 O81 01,10 69 O81 314 72° #7 11 25 29 41 47 61 65 77 83 


Refinement of the (0/) data was now carried through five cycles of (F, — F,) syntheses. 
Both hydrogen and carbon atoms were included in the calculation of F, in order to avoid 
obscuring required carbon-atom shifts in the already badly resolved projection. The hydrogen 
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co-ordinates were obtained approximately by assuming their positions to be 1 A from the 
corresponding carbon atoms. The final value of R = 0-19 is about as satisfactory as can be 
expected, but the accuracy of the 68 position parameters is not high because only 99 (h0/) 
reflections were observed. The final electron-density projection is shown in Fig. 1 and explained 
in Fig. 2. 

Distortion from Planarity.—While the assumption of a planar model yielded good agreement 
for the (01) data, a number of the (/1/) reflections, such as (211), (119), and (10,1,3), showed 


















Fic. 1. Electron density projection on (010). Fic. 2. Atomic arrangement corresponding to 
Contours at intervals of one electron per A?, the projection on (010), showing overlapping 
the one-electron line being broken. molecules at different levels. 
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calculated structure factors which were much too low. Two types of nonplanar distortion may 
reasonably be expected, the first (Model A) being centrosymmetric, and the second (Model B) 
having a twofold axis. 


TABLE 3. The signs of the quantities sin 2x (hx + Iz) for certain (hil) structure factors 
expected to have large imaginary parts. When sin 2x (hx + Iz) < 0-25, a zero appears 
in the Table. 


All Ad G2 hE KREGER BMH GA KH Oo 
ae Se Se Se a 8 FF = - —- + + 0 0+ + 
119) + + + 0-4+---- + + + + + + + 
—(1013) 0 + --++++--+0---— 0 + 
All A, B, Cy D, E, Fy Gy Hy Ip Jo Ky Lye Mz Nz O; Py Qs 
+21) +--+ -----+ +--+ 4+ 4+ + - 
+1119) + O + + 0 - - = =~ = =~ = 0 0 4+ = = 
—(10,13 + 0+0-—- —- — — 0 - O+ + + + + 


Consideration of the trigonometric parts of the structure factors of the (/1/) reflections, 


A = —2:sin 2x (hx + Iz) sin 2ry 
and B= = 2sin 2x (hx + Iz) cos 2ry 


suggests a method for establishing which distortion is correct. Remember that # and z are 
known for all atoms, and note that since y is near 90° the value of sin 2xy changes only slowly. 
Hence the A part changes only very little as y is displaced from 90°. Hence those structure 
factors (h1l) which disagree with the planar model must have relatively large imaginary parts, 
and, in order to make B large, the contributions of all or nearly all atoms must have the same 
sign. Since the signs of sin 2x (hx + /z) are already known, it is possible to find the sign of 
cos 2ny so that the product, sin 2x (hx + Iz).cos 2nky, has the same sign for every atom. It is 
immaterial whether B is made positive or negative, because reversal of the sign simply gives 
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The x and z co-ordinates, expressed as ratios of the cell 
lengths, are those obtained after the completion of the fifth difference synthesis of the (hOl) 
planes, except for atoms M, and O,, which have been adjusted to give better agreement 
with the final electron-density map. 


Atom x y z Atom x y zZ Atom x y Zz 

A, 0-095 0-286 0-147 M, -—0-093 0-411 0-472 G, 0-387 0-186 0-028 
B, 0:040 0-286 0-037 N, 0-015 0-350 0-483 Hy, 0-440 0-128 —0-075 
C, 0-200 0-261 0-142 0, 0-073 0-422 0-370 I; 0-570 0-147 —0-093 
D, 0-263 0-225 0-252 P, 0-030 0-342 0-263 Je 0-623 0-181 —0-202 
E, 0-388 0-242 0-255 Q, —0:-088 0-325 0-262 Ky 0-575 0-161 —0-298 
F, 0-448 0-197 0-145 Ay 0-215 0-250 —0-080 L, 0-459 0-219 —0-298 
G, —0:-070 0-242 0-038 B, 0-260 0-233 0-033 M, 0-412 0-219 —0-402 
H, —0-138 0-242 0-155 Cy 0-108 0-242 —0-070 N, 0-307 0-303 —0-410 
I, —0-267 0-203 0-163 D, 0-045 0-217 —0-170 O; 0-242 0-283 —0-297 
Ji —0-322 0-197 0-282 E, —0:-067 0-208 —0-178 Py 0-287 0-239 —0197 
K, —0-265 0-261 0-370 Fy, —0-138 0-244 —0-065 QO, 0-382 0-214 —0-192 
L, —0-141 0-258 0-367 


TABLE 5. Agreement factors at different stages of refinement of the (hil) planes. 


Structure Centrosymmetrical Twofold axis 
PEE icc cscncensscccnreccescrenescsescnsenstentoneetocwtacaees 0-500 0-500 
BE. sdisiesdsasannadimigahistemaaronionaeenenmsiiniata 0-424 0-386 
After lst difference-generalised cosine projection... 0-400 0-324 
After 2nd difference-generalised cosine projection... _ 0-304 


TABLE 6. ‘Intermolecular distances (A). 


Distances d Distances d 
Ji(S).. .F (Sa) 3-09 T,(S)...Ag(S,) 3-72 
F,(S)...J (Sa) 3-22 I,(S).. .G_(S,a) 3-72 
A,(S)...£,(S’) 3-34 B,(S)...F(S’) 3-79 
K,(S)...£(S,a) 3°35 Jo(S).. -Fy(S,@) 3-82 
I,(S)...Fy(Sa) 3-40 K,(S)...O,(S;) 3°84 
I,(S)...F4(S,a) 3-45 N,(S)...D,(Sé) 3-84 
Ji(S)...Ey(Sa) 3°47 M,(S)...E,(Sé) 3°84 
J,(S)...E (Sa) 3-49 Ji(S).. -P(S;) 3°87 
T(S) . . «O(Sy) 3-51 H,(S)...D,(S’) 3-88 
F,(S)...I_(Sa 3-57 N,(S)...E(Sé) 3-93 
M,(S)...N,(S’é) 3-59 C,(S)...Fe(S’) 3-94 
K,(S)...N(S, 3-65 N,(S)...N,(S’é) 3°95 
A,(S)...F,(S’ 3-66 M,(S)...N,(S,é) 3-95 
I,(S).. ..P2(S;) 3-66 G,(S)...C(S’) 3-96 
G,(S)-..B,(S;) 3-69 G,(S)...C2(S;) 3-96 
E,(S)...Jo(Sa) 3-71 

Code: Molecule Related to By Operation 
Ss Sc c 
Ss Sa a 
Ss Sé -C 
Ss Sa -a 
S’ S 2, along b 
S’ S’c c 
Ss S’a a 
S, Ss 2, along —b 
S; Syc c 
S; S,a a 


. 


the other optical isomer which is not usually distinguishable by X-ray methods. The results, 
summarized for these three planes in Table 3, indicate that the determination of the sign of 
cos 2ry is reasonably unambiguous for many of the atoms. Since y < b/4 if cos 2zky is positive, 
and y > b/4 if cos 2nky is negative, the distortion is clearly shown to be that of model B, in 
which a twofold axis occurs. 

The (h1/) reflections were then refined by means of difference-generalised projections,® with 
results which leave no reasonable doubt of the correctness of the molecular distortion. The 


8 Rossmann and Shearer, Acta Cryst., 1958, 11, 829. 
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TABLE 7. Observed and calculated structure factors. 

hkl Fo Fe ox hkl Fo Fe a hkl Fo Fe @ hkl Fo ‘ Fe a 
000 —- 44 — 601 346 328 180 106 78 = 82 0 712 64 50 143 
100 30-4§ «278 OO 501 3-2 2-2 0 106 96 11:8 0 412 86 154 179 
200 «20-8 «19-40 401 72 044 0 406 6-4 76 0 312 4-2 62 66 
300 148) «(1620 301 44-2 446 180 806 34 12 180 212 «#4148 10:2 355 
400 10-3 13-0 180 201 40 8-2 0 407 32 8 42 0 112 26-2 «6027-4 O51 
500 8-2 56 180 101 308 32-6 0 107 2-8 56 180 112 33-0 9-298 = 359 
600 426 446 180 10 =:24-8 27-6 =—:180 407 3-0 2-0 0 213 6-2 76 93 
700 7-2 92 0 30I 170-156 0 507 2-6 1-2 180 312 10-4 «166 326 
11,00 56% 14 0 40T 20-2 21-1 180 108 3-0 6-0 0 412 4-6 5-2 166 
020 187-0 212-4 174 50I 8126 8128 0 608 34 86-26 0 513 30 92 201 
040 «31-9 61-2828 701 46 7-8 180 109 «110 )=S 13-4: 180 712 5-6 24 141 
060 124 128 142 11,0T =. 28 10 180 509 3-8 7-2 0 813 42 46 124 
080 38 28 306 902 2-6 5-0 0 609 38 = 4-2 0 713 50 124 350 
001 59-4§ 636 0 602 90 11-2 0 1,0,10 136 13-2 180 613 64 48 155 
002 «30-2 34-4180 402 76 ©10°8 0 110 500 462 188 513 56 48 202 
003 «13-40 98180 302 196 =616-0 180 210 «42-4 39-0357 413 96 108 202 
005 22 20 180 202 «30-4 26-4 310 50 46 18 313 40 38 333 
008 3-2 3-4 180 102 48-6 = 51-2 0 410 70 158 313 213 78 92 280 
00913-4164 = :180 302 68 42 180 510 40-5) = 87-4187 113-120 70 189 
402 92 10:3 180 610 28-5 20-8 197 113 54 84 168 
oll 23-2 362 249 502 22% 0-8 0 710 9-9 5-8 237 213 9-6 76 «(157 
012 8-6 9-0 5 602 4-4 58 180 11,10 76 84 175 313 «158 = 11-2101 
013 «10-9 )=—-13-4 825 702 30 = 56 0 12,10 28 20 4168 413 94 106 157 
O14 2-6 12 323 703 4-0 3-6 180 120 1054 78-0 264 513 48 566 651 
O15 40 46 282 503 8-6 5-2 0 220 «184 176 357 813 54 26 173 

016 2-8 5-6 2 403 2-6 1-6 0 320 «146 = 10-0217 913. 190 96 33 
017 3-6 30 353 303 3-4 36 180 420 40 10:8 282 10.13 60 22 28 
018 93 123 158 203 «6166 «617-4 180 520 386 «©6115-4833 1014 44 14 234 
019 «184 28-2 180 103 28-8 = 25-0 = 180 620 144 23:0 339 914 84 54 263 
01,10 = 7-0 46 126 203 4-4 3-8 0 1120 54 10 340 814 136 106 178 
021 «89-4 = 78-8 =—140 303 2-8 8-4 180 130 «488 278 20 714 70 4616-4 323 
022 192 35-2 336 403 64* 0-6 230 5-0 23-0 170 414 116 50 12 
023 8-8 5-8 322 503 32 28 180 330 42 58 230 314 «178 = 28-6 S158 
024 8-8 90 291 703 4-2 5-0 0 430 10-2 162 124 214 120 «8662 © 631 
025 8-8 8-2 165 903 4 48942* 1-2 0 530 170-156 7 114 (160 21-8 131 
026 3-2 18 148 10,03 78 40 180 €3 78 86 29 114 4-4 60 24 
028 6-8 94 296 904 92 50 180 730 6-4 7-8 134 214 «146 «156 233 
029 «11-0 1-4 0 804 80 96 180 10,30 323 42 90 31 48-0 §=59-8_—:179 
031 294 25-2 84 704 70* 1:8 180 11,30 46 50 356 414 108 90 279 
032 «122 150 41 504 6-8 6-4 0 140 27-2 «423-2 «= 66 514 56 40 345 
033 8-4 38 250 404 46* 00 — 240 «10-0 8623-8 = 247 814 138 162 24 
u34 86 92 353 304 33-6 29-8 0 340 50 64 202 914. 198 23-2 3 
035 56 46 144 204 «25-4 25-4 0 440 118 98 96 101 46 46 117 
036 4-4 10 148 10 14-8 13-2 0 540 6-8 7-0 203 815 8-2 5-8 150 
038 6-8 7-8 330 204 5-6 78 180 740 68 06 262 715 6-6 76 343 
03,10 3-2 50 318 3024-4294 0 150 174 114 198 515 58 O08 289 
041 35:8 23-2 332 404 5-8 7-6 0 250 78 «10-0 324 415 11-2 15-2 197 
042 «144 1-4 138 704 6-0 8-0 180 350 46 38 97 315 314 37-0 181 
043 «= -22-8 72 0 77 80 25-4 22-8 0 650 34 26 176 215 136 128 282 
044 2-8 78 173 904 72% O04 180 160 8-0 76 199 115 44 90 186 
O45 3-0 106 335 10.05 50* 10 180 260 7-4 74 8612 115 30 32 198 
046 72 6-4 «= (293 905 240 25-8 180 460 44 1-4 335 215 23-2 32-8 180 
048 9-4 42 119 805 148 146 180 170 54 28 349 315 23-8 226171 
049 6 5-0 162 705 54° 14 0 515 62 96 187 
051 50 117 605 2-8 3-4 180 811 70 8646101 815 58 68 335 
052 46 279 505 54* O04 180 711 =s-11-2 70 8-55 915 60 28 289 
053 5-8 133 405 56 60 180 611 190 118 128 616 4-0 36 357 
056 38 234 305 «34:2 = 87-0 0 511 9-2 7-0 354 516 38 O08 137 
058 16 160 205 42° 0-4 0 411 74 80 244 416 40 94 179 
061 38 154 105 7-0 7-0 0 311 =: 12-8 8-8 342 316 3-8 18 240 
062 5-8 238 205 21-2 21-2 180 211 43-2 «42-4289 216 38 20 165 
063 5-4 © 257 405 5-0 5-4 180 111 —t 706 187 116 8-2 10-0 3 
064 60 40 705 7-2 54 180 117 —t 208 117 216 36 44 69 
071 0-6 359 805 24-4 21-0 0 211 31-6 30-8 324 316 4-8 76 352 
072 3-2 183 905 4-4 1:8 0 311 100 24 213 416 44 100 181 
081 24 336 10,06 38% 0-4 180 41T 46 120 127 118 6-2 3-2 228 
906 88 60 180 S1T° 17-4 23-4 345 219 48 32 163 
12,01 5-0 180 806 40 5:4 0 611 94 62 83 119 106 56 257 
801 ; 180 706 38 20 180 912 4-4 2-2 300 119 «130 )=3=— 8270 





* Terms not included in final electron density map of Fig. 1. 

+ Cut off by beam stop. 

§ Cut off by beam stop (estimated from oscillation photograph). 
final atomic co-ordinates are shown in Table 4. The results of refinements of both models 
A and B, summarised in Table 5, clearly favour B. Finally, the R value for the (40) reflections 
fell from 0-59 to 0-28, and the R value for the (Ok/) reflections fell from 0-60 to 0-28 as the 
centrosymmetric model was distorted into model B having the twofold axis. 


RESULTS AND DISCUSSION. 


The behaviour of the temperature factor was somewhat unusual in that the best fit 
of experimental and calculated structure factors required B = 7-0 A,? as compared with 
an average value of about B = 3-5 A? found for other overcrowded molecules. In 
circumanthracene ® an abnormally high temperature factor appears to be produced by 
the presence of impurities. In addition, the indication of 4—8% of impurity of molecular 
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masses less than the expected values near 426-5 in a mass-spectroscopic study, and the 
observation that the melting point (333—334°) is below its expected value, all make 
reasonable the assumption that the apparently high temperature factors are due to 
impurities in the crystal. 

Owing to a combination of the apparently large temperature factor and the limited 
amount of X-ray data, the bond lengths (Fig. 3) are not very precisely determined. How- 
ever, some of the trends may be interesting, even though the root mean-square deviations 
among chemically equivalent bond lengths average to about 0-15 A. The average C-C 
bond distance is 1-43 A. The average of the bonds G,H,, GHz, A,P,, and AgP, is 1-54 A; 


Fic. 3. Bond lengths (A). 





these should be single bonds in the ground-state Kekulé resonance hybrid, but are probably 
to be expected to be rather shorter than the single-bond C-C length of 1-54 A in a molecular- 
orbital description. The non-bonded distances 0,D, = 3-09 and O,D, = 2°84 average 
to 2-97 A for the closest non-bonded contacts in the overcrowded region of the molecule. 
In the studies referred to on p. 2607, the range expected for similar distances in other 
molecules is 2-9 to 3-0 A. 

The list of all intermolecular contacts less than 4-0 A shown in Table 6 shows that only 
four are less than 3-40 A, and that the smallest of the four is 3-09 A. Since the estimated 
internal consistency of chemically equivalent distances suggests that the standard 
deviation is about 0-15 A, no significant conclusion should be drawn, but it is interesting 
that Herbstein and Schmidt ° have also observed comparable short intermolecular distances 
in overcrowded hydrocarbon molecules. 


I am indebted to Dr. E. Clar and Mr. W. Kelly who prepared the crystals. I thank Professors 
J. M. Robertson and W. N. Lipscomb for the opportunity to do this work, and for help and 
encouragement. 

CHEMISTRY DEPARTMENT, UNIVERSITY OF GLASGOW. [Received, December 29th, 1958.]} 

® Clar, Kelly, Robertson, and Rossmann, J., 1956, 3878. 
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520. Crystal-structure Studies of Polynuclear Hydrocarbons. Part 
III* The «-Modification of Dinaphtho(7' : 1'-1 : 13)(1” : 7'’-6 : 8)- 
peropyrene. 

By J. MONTEATH ROBERTSON and J. TROTTER. 


The dinaphthoperopyrene exists in two crystalline modifications. A 
detailed study of the «-form shows that the unit cell contains four molecules 
in space group C2. Regions of diffuse scattering indicate the presence of a 
stacking disorder, but in spite of this the molecular dimensions have been 
determined with considerable precision. In one projection along the short 
b axis (3-855 A) all the atoms including hydrogen are visible, except on four 
sites which are randomly occupied. The molecule is distorted so that the 
distance between the overcrowded carbon atoms is 2-95 A, but this separation 
is achieved with little variation of the valency angles from 120°. The strain 
caused by the molecular distortion is fairly evenly distributed over the 
molecule, with retention of aromatic character, although there is measurable 
increase in some bond lengths. 


DINAPHTHO(7’ : 1’-1 : 13)(1 : 7-6: 8)PEROPYRENE (I) is obtained along with circum- 
anthracene by treating diperinaphthyleneanthracene with maleic anhydride, and 
decarboxylating the adduct. The present investigation was undertaken to obtain an 
accurate account of the geometry of this ring system, and of the molecular dimensions. 


Fic. 1. Regular projection (empirical numbering). 


Severe intramolecular overcrowding with out-of-plane distortion must be expected for this 
structure, as has already been found in diperinaphthyleneanthracene.! Fortunately, a 
crystal modification of the dinaphthoperopyrene has now been 
obtained which has one very short axis (3-855 A) and this has 
enabled us to carry out a detailed analysis with good resolution 
of all the atoms in the molecule (Fig. 1). However, the crystal 
structure exhibits a certain type of disorder, as shown by 
regions of diffuse scattering in the X-ray photographs (Plate 1). 
This makes it difficult to estimate the absolute accuracy of 
the bond-length measurements, but the structure-factor agree- 
ments are such as to leave no doubt that all the essential features of the structure, 
including the intramolecular overcrowded distances, have now been determined with 
considerable precision. 


EXPERIMENTAL 


The crystals were obtained by sublimation in a high vacuum. The sublimate consisted 
mainly of dark red stout hexagonal prisms (which will be called the «-form). There was, however, 


1 Part II, preceding paper. 
® Clar, Kelly, Robertson, and Rossmann, J., 1956, 3878. 














PLATE 1. Weissenberg photograph of (hO0l) showing diffuse rods parallel to a* when 1 is odd, and 
thermal diffuse regions. 


[To face p. 2614 





PLATE 2. Equi-inclination Weissenberg photograph of (h1l) showing diffuse rods for all values of I. 


a * 
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a small quantity of pale red aggregates of very small crystals. One very small single crystal 
of the pale red (8) form was hand-picked (see following paper). 

The a-crystals were elongated prisms with {100}, {001}, and {101} faces developed, and had 
m. p. 340°. Rotation, oscillation, and moving-film photographs showed that the monoclinic 
unit cell had a = 30-73 + 0-05, b = 3-855 + 0-010, c = 19-87 + 0-03 A, B = 113-0° + 0-5°, 
with a volume of 2167 A®. The density, determined by flotation in aqueous potassium iodide 
solution, was 1-447, in good agreement with the value of 1-446 calculated for four molecules of 
C3,H,, per unit cell. 

The intensities of all the reflexions observable with Cu-K, radiation were recorded on mov- 
ing film exposures for crystals rotating about the b and ¢ axes, the multiple-film technique ® 
being used to correlate strong and weak reflexions. For the crystal rotating about the b axis, 
layers with k = 0—3 were recorded, and for the crystal rotating about the c axis, layers with 
i = 0—14, the equi-inclination method being used for all non-equatorial layers. The range of 
intensities measured was about 70,000:1, the estimates being made visually. The cross- 
sections of the crystals, normal to the rotation axes, were 0-25 x 0-18 mm., and 0-53 x 0-44mm. 
for the b-axis and c-axis crystals respectively; errors due to absorption (u = 7-65 cm. for 
2 = 1-542 A) are negligible, and no corrections were applied. 

The values of the structure amplitudes were derived by the usual formule for a mosaic 
crystal; Lorentz and polarisation corrections were applied, together with the rotation factor 
appropriate to equi-inclination Weissenberg photographs. An approximately absolute scale 
was derived by Wilson’s method 5 and adjusted by correlation with the F values of the (h0/) 
zone reflexions, calculated from the final co-ordinates. 

Although a complete collection of three-dimensional intensity data was made, the present 
analysis uses only the (40/) and (h1/) structure factors, which are recorded in Tables 4, 5, and 6. 
As the work proceeded it became clear that a stacking disorder exists in the structure and hence 
the accuracy with which the atomic co-ordinates can finally be estimated is somewhat doubtful. 
More detailed refinements with the full three-dimensional data are therefore probably not 
justified. 

In estimating the intensities, those of the Bragg reflexions only were considered, and no 
estimation was made of the intensity variation in the regions of diffuse scattering (see below). 

Space Group: Diffuse Scattering—The only systematically absent spectra are (hkl) when 
(A + k) is odd, so that the space group is C,3-C2, C,3-Cm, or C,,3-C2/m. In the last two space 
groups, the existence of a mirror plane perpendicular to the b-axis requires either the presence 
of two molecules within one unit translation along b, or a mirror plane within the molecule. 
The first of these alternatives is excluded by the short b-axis (3-855 A), and the second requires 
that the molecule is planar, and this is unlikely. It may safely be assumed, therefore, that the 
space group is C,>-C2. 

Further examination of the photographs, however, reveals an interesting series of regions of 
diffuse scattering. These consist of diffuse rods in reciprocal space parallel to a*, and passing 
through the Bragg reflexions, and these rods are present for all values of k and /, except k = 0. 
In the (h0/) zone those reflexions with / even are all quite sharp, and not joined by diffuse 
streaks; those with / odd are all extremely weak maxima on the diffuse rods parallel to a*. 
This is illustrated in Plate 1 which shows a normal-beam Weissenberg photograph of the (h0/) 
zone. Note also the thermal diffuse regions surrounding the intense higher order reflexions. 
Plate 2 shows an equi-inclination Weissenberg photograph of the (h1/) reflexions, with diffuse 
rods parallel to a* for all values of /. 

The diffraction pattern is typical of an order—disorder structure (Dornberger-Schiff’s * OD 
structure) built of layers parallel to the bc-plane. Within each layer the molecular arrangement 
is perfectly ordered, but the sequence of layers is such that there is no true periodicity in the a 
direction. The disorder in the stacking results from the fact that there are two or more 
energetically equivalent ways in which neighbouring layers can be placed with respect to one 
another. The diffraction data indicate that there are two sets of layers A and B, and, since 
(h0l) reflexions with / = 2m are all sharp, layer B can be made coincident with layer A in projec- 
tion down the b-axis simply by translation 4c. 


3 Robertson, J. Sci. Instr., 1943, 20, 175. 

4 Tunell, Amer. Mineralogist, 1939, 24, 448. 

5 Wilson, Nature, 1942, 150, 152. 

® Dornberger-Schiff, Acta Cryst., 1956, 9, 593. 
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In spite of the fact that the structure is disordered, it might be hoped that all the atoms will 
be well resolved in projection down the short b-axis, and the problem of the compkete solution 
of the structure was approached by considering this projection initially. 

Structure Analysis.—Projection on (010). The (0/) zone intensities revealed that, of about 
360 independent reflexions with / = 2 which are theoretically observable with Cu-K, radiation, 
260 could be observed (72%); of a similar number of theoretically observable reflexions with 
l odd, only 20 weak, diffuse reflexions could be observed. The problem of obtaining a trial 
structure can best be approached by neglecting the /-odd reflexions, so that the projection 
corresponds to the (0/) projection of space group C,,°-C2/c. 

Since reflexions with / even are all sharp, there will be obtained in this way a projection of 
the disordered structure which is a superposition of layers A and B. 

As an initial approximation it may be assumed that the molecule is completely planar, and 
consists of regular hexagons of side 1-40 A. Now, the distance between the molecular planes 
in crystals of large planar aromatic hydrocarbons is about 3-4 A, equal to the interplanar spac- 
ing in graphite. Since this dinaphthoperopyrene is certainly buckled, we might expect a 
rather larger separation between mean planes drawn through the molecules, and in this case the 
b translation is actually 3-855 A. It is likely, therefore, that the mean plane through the 
molecule is almost parallel to (010). This implies that the assumption of a planar molecule 
will give quite a reasonable trial structure in this projection. The problem of finding the ap- 
proximate positions of the carbon atoms then reduces to finding the directions of the molecular 
axes L and M ina regular projection as indicated in Fig. 1. 

The following high-order planes have large structure amplitudes: (24,0,2), (6,0,12), (8,0,12), 
(6,0,14), (18,0,16), (10,0,4), (14,0,6) and (4,0,10). If the origin of the projection is taken 
at the centre of one of the molecules, then it is simple to adjust the orientations of the molecular 
axes L and M so that all the atoms lie close to the traces of the above planes. There are six 
possible molecular orientations, but packing considerations reduce the possibilities to two, 
which are related by a rotation of 180° about either L or M. In this projection the two possible 
orientations differ only in that position 11 may be occupied by an atom or it may be vacant. 

Structure factors were calculated for about 90 of the stronger reflexions, McWeeny’s scatter- 
ing curve for carbon with B = 3-5 A? (determined by Wilson’s method 5) being used. The 
discrepancy between measured and calculated structure factors was 38-2% for orientation I 
(atom at position 11), and 44-7% for orientation II (no atom at position 11). A Fourier synthesis 
was then computed, with about 60 terms, whose signs did not depend on the position of atom 11 
and were therefore probably correct. All the carbon atoms were well resolved, except at 
position 11 where the definition was poor. More accurate parameters for the other atoms 
were obtained from the Fourier map, and recalculation of the structure factors led to improved 
agreement between F, and F,, but it was not possible to decide between orientations I and II. 
It was, however, noted that a structure consisting of I and II (1: 1) gave considerably better 
agreement than either orientation separately. This structure probably represents super- 
position of layers A and B. 

Refinement was continued by computing a second F, synthesis, again with use only of 
terms whose signs did not depend on the position of atom 11 (215 terms), and choice of new 
centres. Structure factors were recalculated with the inclusion of a contribution from the 
hydrogen atoms; hydrogen co-ordinates were assigned on the assumption of C-H bond lengths 
of 1-0A. The process of refinement is outlined in Table 1, in terms of the reliability factor 
R = D|IFI — IFA/SIF. ; 

The low value of the discrepancy for orientation (I + II) leaves no doubt that this is the true 
molecular arrangement in the disordered structure. Using the signs of the structure factors 


TABLE 1. Refinement process (R%). 





I II I+II 
ID | .ciciacssrenciorcvvennicen 38-2 44-7 — 
FE Fig SIGE occa ccccsccesccceseveces 26-5 29-9 20-3 
Seco Fe SHRUGS ..000ccccsccssesecess 20-1 — 11-1 


calculated from the co-ordinates of the second F, synthesis, we calculated a third Fourier 
synthesis (260 terms) [Fig. 2(a)]. In this map all the carbon atoms are very well resolved; at 
position 11 and the position (O) obtained from this by rotation about either of the molecular 
axes L or M there are peaks corresponding to only one-half of a carbon atom (plus a contribution 
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from a peak where two “ half-hydrogen atoms ’”’ overlap). The best positions of the carbon 
atoms are shown in Fig. 2(d). 

All the hydrogen atoms, except those attached to positions 11 and 11’ are reasonably well 
resolved; those in the overcrowded positions are of course obscured by the half peaks at 11 
and 11’. 

Finally an (F, — F,) synthesis was computed, and ten of the carbon atoms were shifted by 
small amounts to minimise the slopes at the atomic centres. It is clear that the x and z para- 
meters of the carbon atoms have been determined with considerable precision; since, however, 
the structure is disordered, each atomic position is the mean of two positions which are extremely 
close, but nevertheless probably distinct. The complete description of the arrangement of 
molecules in layers A and B requires consideration of the diffuse as well as the sharp reflexions, 
and this evidence will now be described. 


Fic. 2a. Fic. 2b. 

















T2s4 sk 
ae ae 


Fic. 2. (a) Final electron density projection on (010). Contours at intervals of 1 eA-*, with the one- 
electron line broken. 
(b) The positions of the carbon atoms. 


Molecular arrangement in the (010) projection. From the results so far obtained about the 
disordered structure by consideration of the sharp (h0/) reflexions, each layer, A and B, can be 
constructed in two possible ways: (a) layer A consisting entirely of molecules in orientation I 
and layer B entirely of molecules in orientation II; (b) each layer, A or B, containing molecules 
in both orientations. 

Since, however, the (/0/) reflexions with / even are sharp, layer B can, in projection down 8, 
be made identical with layer A by translation }c, so that the true arrangement of molecules 
must be (b).' This requires that each molecule possesses a two-fold axis, coincident with a two- 


Fic. 3. Arrangement of molecules in layers A and B. 


I 





fold axis of the space group, and the arrangement of molecules in the two layers A and B is 
shown in Fig. 3. The molecular centres are at (0, 0, 0) and (0, d, 4), the two molecules are not 
related by any symmetry element, and the true asymmetric unit consists of half of each molecule. 
In spite of the fact that space group C2 is one of the Sohncke regular point systems, the two 
molecules, since they are not related, could be optical enantiomorphs. 

Superposition of the layers gives an accurate account of the intensities of the (20/) reflexions 
with / even (sharp reflexions). Values of measured and calculated structure factors are listed 
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in Table 4. An ordered structure consisting of either layer A or layer B would give sharp (h0/) 
reflexions with / odd, and the structure factors, F(A), for this type of crystal may be calculated 
from the atomic co-ordinates. In a “ perfectly disordered ”’ structure, the structure factors, 
F(AB), would be zero. Values of F,(A) and F.(AB) are compared with the measured values 
in Table 5; this comparison reveals that the true structure may be described as a “ partially- 
ordered superlattice,’’ with order extending over only a few unit cells. 

This completes the description of the projection of the structure on (010). A complete 
description of the molecular geometry and dimensions requires the examination of further data, 
to determine the third co-ordinates of the atoms. 

The y-co-ordinates. No resolution of the individual atoms in the molecule can be expected 
in projection down the long a or c axes, more especially as the structure is disordered. The 
problem of finding the y-co-ordinates was therefore approached by considering the (#1/) structure 
factors. 

Approximate y-co-ordinates, found by trial, can be refined by the use of generalised 
projections. All reflexions are diffuse, so that we cannot hope to obtain perfect agreement 
between calculated and measured structure amplitudes of the Bragg reflexions.” A reasonable 
measure of agreement might be obtained, however, if we can find an accurate description of 
layer A alone. 

A planar wire model of the molecule was constructed and buckled so that the distance 
between the overcrowded carbon atoms was 3-0 A, a value suggested by previous studies.® 


Fic. 4. Bond lengths and valency angles in the dinaphthoperopyrene. 





Approximate y-co-ordinates with respect to the centre of the molecule were then determined 
from this model by projection along the molecular axis M. It now remained to find the 
positions of the two molecular centres, which are not related by any symmetry element. These 
two centres lie, one on the two-fold axis at x = 0, z = 0, the other on the two-fold axis at x = 0, 
z= 4. One molecular centre was taken at (0, 0, 0), and this molecule was arbitrarily buckled 
in one sense—let us call its configuration D. Then‘the centre of the second molecule is at 
(0, d, 4), and its configuration may be D or L. Considering the (#10) and (412) reflexions, best 
agreement was obtained with the parameter d taken as (26/60)b, and the configuration of the 
second molecule as L. Structure factors were calculated for about 270 (A1J) reflexions (425 
were observed of a possible of about 650 independent reflexions); the discrepancy between 
measured and calculated values was 29-8%, an encouragingly low value when it is remembered 
that the structure is disordered and the reflexions diffuse. 

In this structure the two molecules have opposite configurations, in spite of the fact that the 
space group is one of the Sohncke groups. Refinement of the y-parameters proceeded by 
computing a “ difference generalised projection.’’® The shifts in the y-co-ordinates were 
calculated for all the atoms; these shifts were however applied with caution, since the structure 
is disordered, and the magnitude of a shift may be the mean of two atomic shifts. Generally, 
however, the shifts were very reasonable, and recalculation of the structure factors led to 


7 Harker, Lucht, and Kasper, Acta Cryst., 1950, 3, 436. 
® McIntosh, Robertson, and Vand, /., 1954, 1661. 
® Rossmann and Shearer, Acta Cryst., 1958, 11, 829. 
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improved agreement between F, and F,. The discrepancy was reduced to 26% over the 425 
observed reflexions; values of the measured and calculated structure amplitudes, and the 
calculated phase constants are listed in Table 6. The agreement between observed and 
calculated values is not as good as in the (/0/) zone, but it is better than might be expected with 


N N 
Fic. 5. | 


(a) Idealised view along molecular axis L showing 
the mean planes through the outer rings. 
(b) Atoms of the central ring (the puckering is 
exaggerated for clarity). 


4/ ———P yy — 
(@) ) 


a disordered structure of this type, and indicates that the y-co-ordinates have been determined 
with fair accuracy. 

Summarising, we see that layer A consists of one molecule situated on the two-fold axis at 
x = 0, z = 0, and the centre of this molecule can be chosen as the origin of the space group; a 
second molecule has its centre at (0, 26/60, 4), and is the optical enantiomorph of the first. 
The arrangement of molecules in layer B is either identical with that in layer A, or related to 
it by some symmetry operation such as inversion in a centre of symmetry (D —» L, L —» D). 
However, it does not seem to be possible to describe exactly how A and B are related in the 
crystal, since, even if the true arrangement were found, perfect agreement between F, and F, 
for the general reflexions could not be obtained, since they are all diffuse. It is unlikely that 
the agreements found for the (#1) reflexions could be much improved. 


Fic. 6. Intermolecular distances (A) (figures at the centre of each molecule are the y-co-ordinates of 
the centre in b/60). 





Co-ordinates and molecular dimensions. The final co-ordinates of the carbon atoms are 
listed in Table 2, expressed as fractions of the unit-cell edges. # and z have been determined 
from the (h0/) zone refinement, and y from the difference-generalised projection, the (/1/) 
zone data being used. , 

The bond lengths and valency angles in the dinaphthoperopyrene molecule were calculated 
from these co-ordinates. Two independent values of each bond length and valency angle were 
obtained (one from each molecule) and the mean values (to the nearest 0-01 A in bond length 
and the nearest degree in bond angle) are shown in Fig. 4. The maximum deviation of any 
individually-determined bond length from the mean value for that bond is 0-027 A, and the 
root mean-square deviation for all the bonds is 0-011 A. The corresponding differences for the 
valency angles are 1-8° and 0-9°. The average value of the carbon-carbon bond lengths is 
1-431 A. 
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TABLE 2. Co-ordinates of the carbon atoms (numbered as in Fig. 1). 


Molecule I Molecule II 
Atom * y z x y z 
1 0-0735 — 0-322 —0-1101 0-1014 0-141 0-6754 
2 0-1123 — 0-439 — 0-1287 0-1484 0-015 0-7253 
3 0-1584 — 0-372 —0-0770 0-1865 0-071 0-7066 
4 0-1648 — 0-205 — 0-0060 0-1795 0-207 0-6374 
5 0-2115 —0-139 0)-0472 0-2191 0-301 0-6178 
6 0-2191 — 0-003 0-1178 0-2115 0-431 0-5472 
7 0-1795 0-070 0-1374 0-1648 0-509 0-4940 
8 0-1865 0-203 0-2066 0-1584 0-640 0-4230 
9 0-1484 0-250 0-2253 0-1123 0-690 0-3713 
10 0-1014 0-192 0-1754 0-0735 0-623 0-3899 
ll 0-0625 0-226 0-1972 0-0256 0-637 0-3359 
12 0-0149 0-105 0-1486 —0-0149 0-523 0-3514 
13 0-0077 0-005 0-0745 —0-0077 0-426 0-4255 
14 0-0470 0-010 0-0534 0-0393 0-443 0-4788 
15 0-0940 0-070 0-1060 0-0797 0-510 0-4599 
16 0-1326 0-013 0-0845 0-1261 0-450 0-5125 
17 0-1261 —0-115 0-0125 0-1226 0-331 0-5845 
18 0-0797 — 0-155 —0-0401 0-0940 0-297 0-6060 
19 0-0393 — 0-047 —0-0212 0-0470 0-356 0-5534 
TABLE 3. Deviations of atoms from the mean molecular planes (A). 
Atom I II Atom I II Atom I II Atom I I] 
l —0-12 0-00 6 0-03 0-00 11 0-13 —0-26 16 —0-06 0-02 
2 0-14 —0-17 7 —0-01 0-03 12 0-34 —0-48 17 —0:08 0-06 
3 0-15 —0-18 8 — 0-02 0-04 13 0-20 —0-35 18 —0-19 0-17 
4 0-02 —0-07 9 0-03 —0-02 14 —06-06 —0-04 19 —0-35 0-24 
5 0-04 —0-02 10 0-00 —0-05 15 —0-02 —0-01 


TABLE 4. Measured and calculated (hOl) structure factors. Sharp reflexions (l = 2n). 








hkl = =Fo Fe Akl Fo Fe hkl Fo Fe hkl Fo Fe hkl Fo Fe hkl Fo Fe 
000 - 984 202 48 —46 36,06 5 -—3 12,08 56 -3 8,0,12 10 8 12,0,16 4 6 
200 86 85 402 70 72 32,06 11 —ll 14,08 5 -—8 40,12 21 —18 10,0,16 5 —10 
400 111 —112 602 765 —74 30,06 17 12 18,08 4 —-1 2,0,12 14 21 60,16 11 —12 
600 50 57 802 32 34 26,06 16 —19 20,08 47 —48 2,0,12 19 25 2,016 8 —11 
800 16 —17 10,02 95 —92 24,06 25 —29 22,08 3 —5 4012 5 —10 2,016 5 —3 
10,00 27 31 12,02 62 —64 22,06 9 14 24,08 3 2 6,0,12 75 77 4016 5 -9 
12,00 10 11 14,02 18 22 20,06 5 —5 26,08 2 -2 8,0,12 83 83 6,016 3 -—3 
14,00 11 10 16,02 21 —21 18,06 19 10 = 338,0,10 16 —12 10,012 8 —19 8016 5 —9 
16,00 21 —26 18,02 12 14 14,06 198 —196 280,70 12 -—7 12,0,12 3 7 10,0,16 12 11 
18,00 21 22 20,02 12 —8 12,06 47 —49 260,70 12 -—9 14,0,12 2 1 12,016 656 —9 
20,00 14 —12 22,02 15 —17 10,06 49 44 22010 7 4 18,0,12 4 2 160,16 16 —17 
22,00 16 s 24,02 4 -7 806 14 —7 20,010 16 —8 38,0,T4 2 —5 18,0,16 18 —20 
24,00 19 10 26,02 5 2 606 21 —19 180,70 6 —10 36,0,14 3 4 24,0,18 6 9 
28,00 15 9 30,02 6 7 406 25 21 16,0,10 25 23 34,0,14 4 —6 22,0,T8 11 —15 
30,00 12 —12 34,02 29 —26 206 87 87 140,10 20 18 32,0,14 3 7 18,0,18 13 14 
32,00 6 7 34,04 3 3 206 23 —19 120,10 13 —13 28,014 21 —20 160,18 9 —17 
34,00 21 —21 30,04 14 11 406 7 7 10,0,10 21 —22 26,0, 14 5 13 14,0,T8 7 3 
36,00 14 —14 28,04 25 —28 606 9 7 8.0.10 18 16 24,0,14 9 —11 12,0,18 8 —12 
002 #164 158 26,04 49 45 806 2 2 60,10 7 7 22,0,T4 9 11 8,0,18 22 —24 
004 70 —74 24,04 «71 69 10,06 56 -1 4,0,10 192 —181 20,0,T 6 —-1 6,0,18 31 —34 
006 6 3 22,04 19 —18 12,06 4 —-1 2,0,10 35 —29 18,0,14 49 48 2,018 4 —8 
008 16 20 20,04 20 24 14,06 12 —6 2,010 13 —14 16,0,14 71 67 40,18 10 —9 
00,10 22 16 18,0 24 —23 20,06 27 —30 4,0,10 20 24 140,74 4 —10 320,26 13 —10 
00,12 14 —16 14,04 41 —39 22,06 28 —27 60,10 15 —15 12,0,14 15 17 30,0,.20 17 —15 
00,14 7 16 12,04 55 —52 24,06 5 9 80,10, 16 —16 8,0,14 3 4 260,20 9 —10 
00,18 4 10 10,04 27 28 28,06 3 —4 10,0,10 -4 6,0,14 21 15 24,030 7 9 

804 72 --68 38,08 28 —26 120,10 22 20 40,14 14 15 20,030 16 —12 
36,02 2 -1 604 65 66 36,08 9 -9 14010 4 -8 20174 4 -—-4 18030 15 —14 
34,02 3 6 40 20 —12 34,0 3 4 160,10 2 2 2,014 15 —17 160,20 3 7 
32,02 2 -3 204 22 —117 32,0 4 -3 2010 3 —4 6,0,14 121 124 140,30 3 0 
30,02 8 s 204 41 34 26,0 ll 14 260,10 4 8 8,0,14 25 23 12,030 4 6 
28,03 19 —18 404 20 —27 22,0 3 -—8 3807123 4 6 10,0,14 27 —26 8,0,.20 41 —42 
24,03 162 155 604 39 39 20,0 8 -3 34013 6&6 -—7 12,014 4 4 6,020 15 —15 
22,02 36 36 804 19 —20 18,0 25 29 320,13 9 9 14,014 656 —7 4,0,20 11 12 
20,03 30 —29 10,04 197 —196 16,0 24 -—27 280,12 57 —58 18,014 5 —6 40,20 4 8 
18,02 20 19 12,04 22 —19 14,0 31 —27 260,13 20 —21 36,0,16 7 9 6,0,20 2 0 
16,02 12 —6 14,04 36 37 12,08 9 5 24013 7 ll 30,0,16 5 5 30,093 13 —11 
14,02 19 20 16,04 9 -8 808 9 5 20,0,12 12 9 280,16 5 10 §=. 28,033 6 5 
12,02 10 10 20,04 5 s 608 2 3 18072 6 -—8 240,16 7 13 20,0,22 9 10 
10,02 29 27 22,04 9 14 408 67 —66 16,0,12 26 —25 22,016 13 —12 2,022 14 —14 
803 28 —30 24,04 & -—3 208 81 -—78 14073 7 —15 18,0,16 138 35 4,0,.22 17 —20 
602 68 62 26,04 4 —4 408 21 —2: 12,0,12 25 26 16,0,16 5 44 22,024 14 —10 
402 84 —87 38,06 6 -—5 808 19 19 §©6©10,0,I2 13 —18 14,0,16 30 —28 20,0,24 16 —16 





203 +146 «#4141 
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The overcrowded non-bonded distances (1 +++ 12) are 2-975 A and 2-930 A (mean 2-953 A). 

The molecule has an exact two-fold axis (2), and is propeller-shaped. The strain due to 
molecular distortion appears to be very evenly distributed over the whole molecule, the three 
bonds around each carbon atom being nearly coplanar. The carbon atom hybrid orbitals will 
thus be nearly pure sp*, and the molecule retains its aromatic character. 

The six-membered rings which are furthest from the centre of the molecule ought to show 
the smallest deviations from a planar structure. The two rings consisting of atoms 4, 5, 6, 7, 


TABLE 5. 
Measured aud calculated (h0l) structure factors. Diffuse reflexions (l = 2n + 1). 


hkl Fo F(A) Fe(AB) hkl Fo FelA) FelAB) hkl Fo Fe(A) Fe(AB) hkl Fo FA) FAB) 
60T 17 0 10,03 2 12 0 803 5 13 0 807 2 17 0 
401 5 21 0 803 4 14 0 12,03 3 —8 0 607 5 15 0 
401 6 —34 0 203 2 16 0 10,05 2 —20 0 207 2 -—14 0 
601 6 —30 0 403 6 24 0 805 5 —25 0 407 2 —)1 0 
801 5 —18 0 603 5 23 0 605 5 —21 0 607 2 —6 0 
10,01 5 —5 0 


TABLE 6. Measured and calculated (hil) structure factors. 




















hk Fo |Fel a@(°) Fo |Fel hkl Fo |Fel a(°) hkl Fo \Fel «(°) 
110 41 39 «105 77 70 29,14 2 1 286 13,17 61 40 174 
310 29 44 212 29 30 31,14 12 10 232 11,17 12 8 261 
510 41 36 46 71 56 15 8 6 143 917 9 23 «2119 
710 16 18 5 7 15 4 4 332 717 24 34 0-349 
910 17 23 14 18 15 4 7 163 517 4 14 51 
11,10 18 16 3 15 4 9 161 317 €8 83 137 
13,10 29 36 7 5 15 52 56319 117 11 13 «118 
15,10 5 4 10 *9 23,15 4 9 262 117 18 3% 342 
19,10 4 7 3 4 21,15 9 18 181 317 7 18 90 
21.10 59 50 3 2 19,15 7 10 9227 517 18 29 349 
23,10 s 18 9 8 17,15 7 9 257 717 8 12 57 
25,10 50 3 13 15,15 48 43 160 917 31 43 126 
31,10 4 3 9 13,15 102 83 154 13,17 10 18 334 
33,10 12 10 77 11,15 8 19 260 15,17 4 9 156 
1 7 6 61 915 28 24 190 19,17 16 15 188 
lI 20 15 5 715 8 18 275 21,17 27 22 172 
29,11 4 2 15 515 7 3 173 25,17 3 6 173 
27,11 9 ss 7 315 17 13 117 35,18 7 4 243 
25,11 38 #5) 14 115 21 29 112 33,18 3 1 336 
23,11 76 55 60 115 4 12 96 29,15 11 10 225 
21,11 8 18 10 315 22 230 «(331 27,15 S 10 211 
19,11 16 20 7 515 16 22 137 19,18 3 5 17 
17,11 6 18 3 715 15 19 288 17,18 63 43 238 
15,1T 2 16 43 915 66 40 171 15,18 41 360-232 
13,11 15 9 50 11,15 45 330 s«d161 13,15 72 60 54 
11,1T 16 1 162 13,15 9 8 334 11,18 19 21 68 
91T 25 32 43 : 15,15 4 9 93 918 7 15 184 
711 21 ‘39 271 i 17,15 7 8 1 718 4 7 107 
511 60 71 21 23 21,15 18 24 «151 518 9 78 51 
311 44 67 3 16 23,15 6 2 204 318 21 16 245 
11T 267 244 91: 68 56 25,15 3 4 341 118 92 78 232 
111 169 183 11,13 97 71 35,16 13 11 304 118 8 5 330 
311 26 29 13,13 8 15 33,16 5 2 0 318 4 3 225 
511 31 23 15,13 15 12 29,16 5 4 32 518 13 18 52 
711 8 8 17,13 4 5 27,16 19 22 «6308 718 9 7 29 
911 17 ll 21,13 7 12 25,16 8 6 276 918 2 7 204 
11,11 78 76 23,13 s 12 23,16 6 7 297 11,18 22 21 226 
13,11 4 5 33,13 11 7 21,16 6 10 46 13,18 3 4 290 
15,11 4 5 29,14 5 6 19,16 18 15 217 17,18 12 11 243 
17,11 4 10 27,14 51 43 17,16 15 19 49 19,18 7 8 246 
19,11 11 20 25,14 38 33 15,16 9 13 269 23,18 ll 10 55 
21,11 9 11 23,14 59 60 13,16 8 8 325 25,18 2 5 22 
23,11 34 39 21,14 9 15 916 9 2 289 37,15 13 8 181 
25,11 6 10 19,14 6 7 716 3 ll 29 31,19 5 9 341 
29 3 4 17,14 3 9 516 30 29 «217 27,19 15 24 128 
33 14 9 15,14 68 55 316 2 19 186 25,19 4 10 111 
38 15 12 13,17 17 21 116 : 19 223 23,15 9 17 345 
31, 4 4 11,14 79 75 116 9 8 52 19,15 10 15 356 
29 11 11 914 6 11 516 7 6 348, 17,19 9 10 9 
2 15 14 714 4 8 716 65 57-233 15,15 40 46 131 
2: 8 14 514 48 36 916 17 25 225 11,19 17 2 343 
2 22 23 314 15 45 11,16 58 45 58 915 10 13 34 
2 6 7 114 6 15 13,16 7 9 76 519 62 43 182 
19 8 S 114 50 $1 15,16 4 6 185 319 97 65 176 
15, 5 13 314 2 3 19,16 15 24 48 119 11 23 «229 
13, 7 13 514 19 24 21,16 12 8 247 119 3 23 «168 
11 26 29 714 10 18 23,16 21 16 239 319 5 11 256 
9 18 9 914 39 22 37,17 22 15 «150 519 9 14 (178 
7 8 8 11,14 9 18 29,17 5 8 170 919 12 20 305 
5 23 27 13,14 14 11 23,17 6 11 142 11,19 3 14 178 
3 232 46236 15,14 5 4 21,17 7 8 315 13,19 3 7 255 
1 93 «111 17,14 4 3 19,17 15 12 150 17,19 6 6 315 
1 261 239 21,14 6 4 17,17 10 11 261 19,19 17 18 144 
3 17 28 23,14 5 11 15,17 69 42 175 21,19 10 13 143 
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TABLE 6. (Continued.) 









hkl Fo |Fel «(°) hkl Fo Fel «@(°) hkl Fo |Fel &@(°) bl Fo |Fel «@(°) 
27,19 6 1 168 5113 47 26 232 151,15 14 20 53 TS 38 37 = 237 
37,1,10 11 11 51 3,1,12 54 38 56 13,1,15 10 20 356 18 15 13 252 
29,1,10 19 21 55 1,1,13 5 5 139 7,1,15 4 6 300 18 3 20 53 
25,1,10 20 28 235 5,1,12 53 61 230 1,1,15 6 13 135 418 14 19 235 
19,1,10 11 6 44 7,1,12 20 14 75 1,1,15 4 10 322 18 6 9 236 
17,1,10 3 4 245 9,1,12 59 49 58 3,1,15 3 16 141 18 4 56 207 
13,1,10 17 21 219 29,1,13 18 17 ‘161 5,1,15 36 26 ©6330 ,18 10 8 42 
7,1,10 18 18 250 27,1,13 19 19 158 7,1,15 35 32 326 15 12 12 149 
5,1,10 12 9 281 17,1,13 56 68 321 9,1,15 8 8 165 19 3 6 199 
3,1,10 7 10 275 15,1,13 15 17 ‘318 17,1,15 13 17. ‘148 19 12 16 86166 
1,1,10 27 28 47 13,1,13 9 17-148 31,1,16 5 6 234 19 13 25 309 
1,1,10 12 12 218 11,1,13 8 5 335 27,1,16 4 5 73 19 7 12 170 
7,1,10 19 14 260 1,13 4 5 57 23,1,16 9 8 49 19 10 10 178 
9,1,10 23 38 50 1,13 19 20 340 21,1,16 9 3 lis TS 27 25 159 
11,1,10 11 7 75 1,15 18 23 «135 19,1,16 ll ll 86 19 4 ll 116 
15,1,10 6 6 41 1,13 10 10 343 15,1,16 15 20 226 ,20 7 9 53 
17,1,10 s 13 233 ,1,T3 3 7 45 9,1,16 3 6 72 20 12 12 236 
21,1,10 12 13 58 ,1,13 10 13 8 7,1,16 8 1l 54 20 8 7 234 
29,1,1T 14 13 171 1,13 4 14 840 5,1,16 12 18 236 20 3 2 94 
27,1,11 26 23° «#4174 1,13 40 36 3 3,1,16 4 6 256 20 5 6 27 
25,1,1T 4 10 248 7,1,13 79 «660 3.47 1,1,16 5 10 217 20 4 7 216 
23,1,11 4 1l 168 9,1,13 9 16 45 3,1,16 34 31 54 20 7 ll 246 
13,1,1T 9 11 190 11,1,13 7 3 323 5,1,16 14 25 47 20 7 10 55 
11,1,17 4 12 254 31,1,14 15 14 234 7,1,16 36 31 239 ,20 3 3 248 
9,1,1T 12 15 187 29,1,14 11 14 236 23,1,17 7 9 337 21 17 15155 
7,1,1T 12 14 291 27,1,14 11 17 55 21,1,17 9 10 61 21 4 8 347 
5,1,11 66 45 151 19,1,14 59 59 86234 19,1,17 36 28 «(341 wl 3 5 331 
3,1,1T 47 44 148 15,1,14 61 66 57 17,1,17 2 35 46-334 21 5 6 168 
1,1, 1T 9 4 297 13,1,14 6 10 100 15,1,17 5 3 «138 21 8 10 152 
7,1,11 62 76 «326 9,1,14 10 7 63 11,1,17 5 5 166 ,21 10 14 157 
9,1,11 22 12 346 1,1,14 4 7 64 7,1,17 20 30 «147 421 6 6 184 
11,1,11 7 11 127 3,1,14 13 10 80 5,1,17 9 9 155 9 10 238 
13,1,11 7 7 348 5,1,14 27 27 65 1,1,17 5 9 192 6 12 230 
17,1,11 7 ll 336 9,1,14 35 26 232 3,1,17 12 15 168 9 11 (62 
27,1,13 3 6 289 15,1,14 5 5 75 5,1,17 10 20 310 2 2 85 
25,1,12 5 8 34 87,1,15 12 5 166 15,1,17 6 5 189 } 9 44 
21,1,12 6 2 200 31,1,15 4 7 837 29,1,18 4 7 232 10 13. 144 
19,1,12 5 6 0 29,1,15 10 14 133 27,1,18 4 2 270 7 7 159 
15,1,12 17 27 49 23,1,15 8 s 3 23,1,18 5 9 215 7 10 49 
13,1,12 4 4 210 19,1,15 38 33-356 21,1,18 39 30 5 9 11 238 
9,1,12 9 12 36 17,1,15 82 66 345 19,1,18 26 24 48 3 6 223 
7,1,12 45 36 0-234 


8, 9, 10, 15, 16, 17 are far from the molecular centre, and the mean planes of these atoms in the 
two molecules (I and I1) were found by a least-squares method to be 


(I) 0-0647 X’ — 0-9345 Y — 0-3499 Z’ — 0-2826 = 0 
(II) 0-0652 X’ — 0-9412 Y — 0-3379 Z’ — 4-7697 = 0 


X’, Y, Z’ are co-ordinates expressed in A, and referred to orthogonal axes a’, b, c, where a’ is 
perpendicular to 6 and c. The atoms used to determine the equations all lie close to these 
planes, but the deviations of the other atoms increase towards the centre of the molecule, as 
shown in Table 3. 

An idealised view of the molecule along the molecular axis L is shown in Fig. 5(a), and the 
shape of the central ring is indicated in Fig. 5(d). 

All intermolecular distances correspond to normal van der Waals interactions. The 
distance between any atom and the corresponding atom in the molecule one translation along b 
is 3-855 A (the b-axis repeat distance). The mean ‘perpendicular distance between the mean 
planes through the outer rings [Fig. 5(a)] of two molecules related by translation b is 3-62 A. 
The shortest lateral contact, within either layer A or layer B, is 3-66 A. Some of the shorter 
intermolecular contacts are shown in Fig. 6. Examination of the intermolecular distances 
projected on (010) shows that there can be no unusually short distances between the molecules 
of layer A and those of an adjacent layer B, so that the two layers are built into the crystal 
without any undue strain. 


DISCUSSION 


It is difficult to estimate the accuracy with which the bond lengths and valency angles 
have been determined. Cruickshank’s formule could be applied to the (A0l) zone data, 
but this would give a false impression of the accuracy because, although the structure 
factor agreement is extremely good, each atomic position is really the mean of two 
extremely close atoms. The close agreement between the independent values of chemically 
identical bonds (R.M.S. deviation from the mean 0-01 A) suggests that the molecular 
dimensions have been determined with considerable precision. 
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Since the accuracy is rather doubtful, no detailed discussion of bond length variations 
in the molecule will be attempted, but some general trends may be mentioned. The bonds 
involving the overcrowded carbon atoms are long, indicating maximum breakdown of 
aromatic character around these positions. The mean bond length over the whole 
molecule is 1-43 A, which is rather greater than the average value for planar aromatic 
hydrocarbons such as coronene (1-410 A) or ovalene (1-412 A). This again suggests that 
the aromatic character is reduced slightly by the buckling. The bonds 8-9, 15-16, 18-19 
increase in that order (1-387 —» 1-423 —» 1-472 A), as do similar bonds in benzo- 
perylene !° and 2 : 3-8 : 9-dibenzocoronene."! 

The distance between the overcrowded carbons is 2-95A. The increase in intra- 
molecular distance compared with a planar model is achieved by buckling the molecular 
framework, with the strain largely distributed over the whole molecule and with very little 
departure of the valency angles from the trigonal values. This results in retention of 
aromatic character in spite of the severe molecular distortion. 

The account of the structure which the present analysis has yielded is not quite 
complete. The positions of all the atoms in each molecule, and the arrangement of 
molecules in each layer, have been obtained from a consideration of sharp and diffuse 
reflexions. It has not been possible, however, to describe how the two layers are packed 
together in the crystal, except that they are related by translation $c. The data, consist- 
ing of the weak diffuse (0/) reflexions with / odd (Table 5), are clearly insufficient for any 
more complete description. The analysis has, however, established with considerable 
precision the molecular dimensions and stereochemistry of this large overcrowded molecule. 


CHEMISTRY DEPARTMENT, UNIVERSITY OF GLASGOW. [Received, December 29th, 1958.) 


10 White, J., 1948, 1398. 
11 Trotter, Acta Cryst., 1958, 11, 423. 


521. Crystal-structure Studies of Polynuclear Hydrocarbons. Part IV. 
The @-Modification of Dinaphtho(7’ : 1’-1 : 13)(1" : 7-6 : 8)peropyrene. 


By J. MonTEATH ROBERTSON and J. TROTTER. 


Crystallographic data for a second (8) modification of the dinaphtho- 
peropyrene are given. The space group is centrosymmetric, P2,/c, but the 
spectra decrease rapidly in intensity. The apparently high temperature 
factor is probably due-to irregularities in packing, and it is unlikely that a 
very accurate structure could be determined. 


DuRING the investigation of the structure of the dinaphthoperopyrene two crystalline 
modifications were obtained, and the structure of the dark-red «-modification was com- 
pletely elucidated.1_ The pale-red $-modification occurs in the sublimate as aggregates 
of very small crystals. We were able to isolate only one small single crystal of this 
modification in the form of a slender plate with {100} developed, and weighing about 
0-01 mg. 

Rotation and oscillation photographs were taken about the a,b, and c axes of this one 
crystal, and moving-film photographs of (h0/), (h1/), and (hkO). The unit cell is mono- 
clinic with a = 16-01 + 0-08, b = 7-48 + 0-02, c = 21-51 + 0-05 A, 8 = 118-6° + 0-5°, and 
volume 2263 A3. The m. p., 343°, appeared to be slightly higher than that of the «- 
modification (340°). The density, determined by flotation in aqueous potassium iodide, 
was 1-41. For this measurement a larger polycrystalline aggregate was used and the 
result is not very accurate, but it agrees reasonably well with the value of 1-39 calculated 


1 Part III, preceding paper, 
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for four molecules of CggH,g per unit cell. For 2 = 1-542A the linear absorption 
coefficient » is 7°35 cm.1. The absent spectra are (01) when / is odd, and (00) when k is 
odd, which determine the space group unambiguously as C2,°—P2,/c. 

A full survey of the (01) and (Al/) intensities was made by normal beam and equi- 
inclination Weissenberg methods. These records revealed that there is a very rapid 
decrease in the intensities of the high-order reflections, an effect which is almost exactly 
analogous to that observed in diperinaphthyleneanthracene ? and in circumanthracene.® 
The small size of the crystal made any more exact evaluation of the temperature factor 
difficult, but it is certainly abnormally high. The effect can scarcely be due to large 
thermal vibrations of the atoms or to molecular librations in a crystal with such a high 
melting point. It is most likely due to small irregularities in packing so that atoms in 
successive molecules are occasionally displaced from their mean positions, an effect which 
would be indistinguishable from displacement due to thermal motion. This slight disorder 
in the crystal is of a different type from that which has been established in the «-modific- 
ation,! in which the temperature factor is normal and the spectra can be observed to the 
limit of copper radiation. 

It was at first suspected that the different behaviour of the 6-modification might be due 
to the presence of impurity. The density determination checks the molecular weight to 
within 2%, but a further test was made by examination of the absorption spectra. A 
small quantity of each type of crystal was separated by hand sorting, and the visible 
absorption spectra of each type in xylene were identical; there was no evidence of any 
broadening of the bands from the pale-red crystals. This evidence seems to indicate that 
any impurity in the pale-red crystals is not a different molecular species, but that the 
disorder must be due to molecules that are differently oriented in the crystal. 

We do not intend to make a more detailed structural investigation on the @-modific- 
ation, because the limited intensity data make it very unlikely that the structural 
parameters could be determined as accurately as in the case of the «-modification even 
although the space group of « is non-centred. The crystallographic data of the two 
modifications are compared in the Table. 


Data for «- and 8-dinaphthoperopyrene, CygH,. 


a-Form B-Form 

System Monoclinic Monoclinic 
iD cuniesninniesininebuntinncniphinetibtiene teil 30-73 A 16-01 A 
I. © ceciiheiadenicindintaataineanennaieantaanadnias 3-855 7-48 
I. cnvnienbinisindiansetedmelnttonminhcenthetintinens 19-87 21-51 
ID pidrdesikaddeviss ant tbeneeeentinss besahekeebheseons 113-0° 118-6° 
EID sncstiecatessositinssamenetedineenns 2167 As 2263 As 
PSII Siisoccncncsesascnscennereuscensdcth C,3-C2 C»°—P2,/c 
ONS DOE OEE ev ccsccsacissisceissiccconsices 4 4 

CHEMISTRY DEPARTMENT, UNIVERSITY OF GLASGOW. [Received December 29th, 1958.] 


* Rossmann, J., 1959, 2601. 
8 Clar, Kelly, Robertson, and Rossmann, J., 1956, 387} 





XUM 


~~ ee FT SlUrh luce 





XUM 


(1959) Notes. 2625 


522. Calculated Bond Lengths in Some Cyclic Compounds. 
Part VI.* 2:3-8:9-Dibenzoperylene. 


By T. H. Goopwin and D. G. Watson. 


THE calculations here reported were carried out early in 1956,! when the crystal structure 
of 2:3-8:9-dibenzoperylene, under examination? in these laboratories, was showing 
rather unexpected deviations from a truly planar configuration. Although the hydrogen 
atoms forming the “ horns”’ of the phenanthrene “ bays” are somewhat overcrowded 
and it would not have been surprising if their carbon atoms had been displaced from the 
mean ring plane by one or two hundredths of an Angstrém unit, the X-ray examination 
did not, at that stage, reveal a significant distortion of the molecule in this sense. It did, 
however, point to one of about 0-07 A in the atoms J + and L which are displaced the one 
above and the other below the mean ring plane by this amount. It was hoped that the 
bond lengths derived in these present calculations might throw some light on the experi- 
mental results. 

The calculations were effected by the methods described * in Part I of this series, the 
molecule, for this purpose, being supposed planar with an axis of symmetry perpendicular 
to the molecular plane. The energies, (E — «), of the occupied orbitals are as follows: 
(a) symmetrical: 2-37498, 1-97888, 1-64468, 1-24748, 6 (twice), 0-69658; (b) antisymmetrical: 
2-63668, 2-07138, 1-61358, 1-32368, 1-18248, 0-75908, 0-35578. These lead to the bond 
lengths gw given in the Table. The-column headed Lyx contains the final observed bond 
lengths ? while A gives (Lzxzn — Lew). The mean value of |A| is 0-017 A and its greatest 
value 0-05 A. 


, 


Bond Lurr Lew A Bond Lure Lew A 
AB 1-48 1-450 +0-03 FG’ 1-42 1-409 +0-01 
AC’ 1-45 1-426 + 0-02 GH 1-46 1-462 0-00 
AG 1-38 1-424 ~- 0-04 HI 1-40 1-408 —0-01 
BC 1-4 1-471 +0-01 HM 1-38 1-430 —0-05 
BN 1-41 1-381 +0-03 Ij 1-41 1-379 +0-03 
CD 1-39 1-397 —0-01 JK 1-40 1-400 0-00 
DE 1-38 1-393 —0-01 KL 1-38 1-377 0-00 
EF 1-39 1-382 +0-01 LM 1-41 1-418 —0-01 

MN 1-41 1-432 —0-02 


Hall * had submitted, after our calculations had been completed,! bond lengths which 
differ from ours to a scarcely significant extent (having been based on a slightly different 
curve correlating bond order and bond length) but it was ours which were used? for 
comparison with the measured bond lengths. 

There is no doubt about the distortion of the crystal molecules, though it is much less 
than in compounds such as 8 : 4-5 : 6-dibenzophenanthrene > which may be said to show 
internal overcrowding. In 2:3-8:9-dibenzoperylene there seems to be a measure of 
‘external overcrowding ” but it causes an out-of-plane displacement of only 0-067 A at 
atoms I and J, and only 0-036 A at atoms I and M. We are not concerned here with the 
origin of this but we are concerned with its possible effect on the validity of bond-length 
calculations based on a flat molecule. 

For each of the tertiary carbon atoms we may compare its displacement from the mean 
molecular plane with the mean of the displacements of the atoms attached to it. Only 


* Part V, J., 1958, 3893. 
See ref. 2 for lettering of atoms. 
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Watson, B.Sc. Thesis, University of Glasgow, 1956. 
Lipscomb, Robertson, and Rossmann, J., 1959, 2601. 
Goodwin and Vand, /J., 1955, 1683. 

Hall, Trans. Faraday Soc., 1957, 58, 573. 

McIntosh, Robertson, and Vand, /., 1954, 1661. 
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for atoms C (0-019 A) and M (0-010 A) do these differ by amounts which are possibly 
significant. Even in the first of these cases the difference represents angles of only sin™ 
0-019/1-44 ~ 0-7° for the angular displacement of the bonds CA’, CB, CD, from the plane 
of A’, B,and D. This in turn means that the normal sf? hybridisation of a flat molecule 
is only slightly modified in the direction of perfect sf* hybridisation, in which this angular 
displacement is 194°. Hence it is not surprising that, as Lipscomb, Robertson, and Ross- 
mann say, “ The non-planarity appears to have little effect on the bond lengths.” 

Since these workers have not located the hydrogen atoms it is impossible to say anything 
about the small distortions of bond angles observed at atoms such as N, M, F, IJ’, though 
it is curious that atom M is an ordinary “ peri ’’-carbon with no hydrogen atom attached. 


We thank Professor J. M. Robertson and Dr. M. Rossmann for their interest in this work. 


DEPARTMENT OF CHEMISTRY, UNIVERSITY OF GLASGOW. [Received, December 29th, 1958.] 





523. Amino-acids and Peptides. Part XIII.* y-u-Glutamyl- 
L-aspartic Acid. 


By R. J. WiILkinson and G. T. YOuNG. 


THE synthesis of y-L-glutamyl-L-aspartic acid through benzyloxycarbonyl-y-L-glutamy]l 
azide proved unsatisfactory,’ so we attempted the synthesis by other routes. Even under 
vigorous conditions, diethyl and dibenzyl L-aspartate failed to react satisfactorily with 
1-toluene-p-sulphonyl-5-oxopyrrolidine-2-carboxylic acid,” and finally we used the reaction 
of phthaloyl-L-glutamic anhydride with dibenzyl L-aspartate. The coupling product was 
crystallised as the dicyclohexylammonium salt, which was hydrogenated to phthaloyl- 
y-L-glutamyl-L-aspartic acid. This was purified by the bisdiphenylmethylammonium 
hydrogen salt; removal of the phthaloyl group by hydrazine gave the crystalline dipeptide 
monohydrate. No impurity was detected in this material by the ninhydrin reaction after 
electrophoresis on paper under conditions which gave a clear separation from authentic 
a-L-glutamyl-L-aspartic acid,? and from the constituent amino-acids, but the dipeptide 
obtained from the crude coupling product was shown to contain a little «-isomer, indicat- 
ing that the anhydride ring does not open exclusively in one direction in this case. 

Shiba, Yamakita, and Kaneko ‘ reported the preparation of this dipeptide monohydrate 
by fractionation of the products of reaction of benzyloxycarbonyl-L-glutamic anhydride 
with diethyl L-aspartate; they do not record the specific rotation of their product, but give 
a melting point of 217—218°, in comparison with 177—182°.! In the present synthesis 
the product melted at 194-5—196°. In our experience, the melting points of free peptides 
are of little significance for characterisation. The clear separation between the isomeric 
a- and y-dipeptides effected by paper electrophoresis provides a reliable method for the 
detection of the a-isomer, which was absent from our product. 


Experimental.—Melting points were determined on a Kofler block. 

Phthaloyl-y-t-glutamyl(dibenzyl -aspartate) (dicyclohexylammonium salt). Phthaloyl-.- 
glutamic anhydride [3-57 g.; m. p. 204—205°, {a|,!7 —44-2° (c, 3-2 in dioxan)] and dibenzyl L- 
aspartate toluene-p-sulphonate (13-4 g.) were dissolved in purified tetrahydrofuran with the 
addition of dried triethylamine (2-80 g.), and the solution was set aside at room temperature for 


* Part XII, J., 1954, 2870. 

1 Le Quesne and Young, J., 1950, 1959; Rowlands and Young, Biochem. J., 1957, 65, 516. 

2 Winn and Young, unpublished work. 

3 Le Quesne and Young, /J., 1950, 1954. 

* Shiba, Yamakita, and Kaneko, J. Inst. Polytechnics, Osaka City Univ., Ser. C., 1956, 5, 144. 
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40hr. The solvent was removed in vacuo and the residue was taken up in ethyl acetate. Some 
dibenzyl L-aspartate toluene-p-sulphonate separated at this stage and was recovered. The 
filtrate was washed with dilute hydrochloric acid and with water, and dried (MgSO,). A slight 
excess of dicyclohexylamine was added, and addition of light petroleum (b. p. 60—80°) to the 
warm solution caused crystallisation of the dicyclohexylammonium salt of phthaloyl-y-L-glutamy]l- 
(dibenzyl L-aspartate); a further quantity was obtained by evaporation of the mother-liquors. 
The crude product (8-7 g., 84%) recrystallised from ethyl acetate as needles, m. p. 145—146°, 
fa], —19-6° (c 1-99 in ethanol), (Found: C, 68-4; H, 6-7; N, 5-7. C,3;H,,O,N; requires C, 68-5; 
H, 6-8; N, 56%). 

Phthaloyl-y-.-glutamyl-L-aspartic acid (bisdiphenylmethylammonium hydrogen salt). 
Phthaloyl-y-L-glutamyl(dibenzyl L-aspartate) was liberated from a solution of the dicyclohexyl- 
ammonium salt (4-56 g.) in 70% ethanol by the cation-exchange resin Amberlite 1R-120 (H* 
form). The solution so obtained was hydrogenated at atmospheric pressure in the presence of 
palladium black (0-5 g.). The catalyst was filtered off and the filtrate was evaporated to dry- 
ness in a desiccator, yielding phthaloyl-y-L-glutamyl-L-aspartic acid as a glass (2-4 g.). This 
was dissolved in dried ethanol, and diphenylmethylamine (purified by recrystallisation of the 
toluene-p-sulphonate, m. p. 246—246-5°) was added to pH 8 (moistened indicator paper). The 
solution was poured into dried ether, and the precipitated salt reprecipitated after treatment 
with charcoal. Analysis showed the product (3-65 g., 76%) to be bisdiphenylmethylammonium 
hydrogen phthaloyl-y-L-glutamyl-L-aspartate dihydrate, m. p. 116—119° [Found: C, 65-2; H, 5-7; 
N, 6:7%; equiv. (titration), 798. C,,H,.O,N,,2H,O requires C, 65-0; H, 5-8; N, 7-05%; 
equiv., 794-5]. 

y-L-Glutamyl-L-aspartic acid. The last-mentioned salt (1-15 g.) was dissolved in aqueous 
ethanol, and purified diphenylmethylamine was added to raise the pH to 8 (moistened indicator 
paper). Hydrazine hydrate (72-4 mg.) was added and the solution was left at room temperature 
for 4 days. Dilute hydrochloric acid was then added to pH 2, followed by diphenylmethy]l- 
ammonium acetate to pH 3-5; after filtration, ethanol was added until cloudiness appeared, 
whereafter at 0° y-L-glutamyl-L-aspartic acid monohydrate separated. It was reprecipitated 
from water by ethanol, and for analysis was dried for 18 hr. at 45°/0-3 mm. (Found: C, 38-8; 
H, 5-4; N, 9-7. Calc. for C,H,,O,N,,H,O: C, 38-6; H, 5-8; N, 10-0%); it had m. p. 194-5— 
196°, {a],,18 +-24-6° (c 0-44 in water), {a],%* + 18-6° (c 2-26 in 0-5N-hydrochloric acid). Paper 
chromatography showed a single spot (detected by ninhydrin): in butan-l-ol—water-acetic acid 
(62 : 26: 12) Rp 0-13 (flow relative to aspartic acid, Rs), 0-83; a-glutamylaspartic acid * had 
Rasp 1-3); in phenol—water (80 : 20), Rp 0-04 (Rasp, 0-66; a-glutamylaspartic acid had Rags, 0-68). 
After electrophoresis of the product on paper (Durrum-type apparatus), in 10% acetic acid, 
ninhydrin revealed only one component, travelling towards the cathode 0-76 of the distance of 
aspartic acid, while glutamic acid and «-glutamylaspartic acid travelled 1-22 and 1-72 times the 
distance of aspartic acid, respectively. 


THE Dyson PERRINS LABORATORY, OXFORD UNIVERSITY. [Received, February 6th, 1959.) 





524. Adducts of Alantolactone and isoAlantolactone with Bases. 
By J. W. STEELE, J. B. STENLAKE, and W. D. WILLIAMs. 


ForMATION of amides from alantolactone and isoalantolactone by the action of ethanolic 
ammonia on crude alantolactone was described by Bredt and+Posth? and by Sprinz.? 
Hansen,’ and Ruzicka and Pieth,‘ later showed these substances to be addition compounds 
and, contrary to the earlier workers, established the formula (C,;H 0,.),NH, for the 
isoalantolactone adduct. The alantolactone adduct was not obtained pure. Ruzicka 
and Pieth * suggested that the adducts were probably formed by addition to the 8-position 


1 Bredt and Posth, Annalen, 1895, 285, 356. 

2 Sprinz, Arch. Pharm., 1901, 289, 201. 

3 Hansen, Ber., 1931, 64, 67. 

4 Ruzicka and Pieth, Helv. Chim. Acta, 1931, 14, 1090. 
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of the lactone-conjugated double bonds, and this is supported by Hansen’s observation * 
that dihydrotsoalantolactone failed to form such an adduct. 

Pure samples of both alantolactone— and tsoalantolactone-ammonia adduct have now 
been obtained by fractional crystallisation of the product from helenin and ethanolic 


Oo O oO, 
O} NH O]} NH 1@) 


CH,— |2 CH,—|2 
(II) (III) 


(I) 
com> cD 
re) 
(IV) CH;-NMe, (V) 


ammonia, and are formulated as (I) and (II) respectively, in conformity with the recent 
structures for alantolactone (III) and isoalantolactone (IV).5® Replacement of the 
typical ultraviolet absorption of the parent «$-unsaturated lactones (Amax, 212 my, ¢ 9500) ® 
by end absorption [e 2770 at 210 my for the adduct (I) and ¢ 1213 at 210 my for the adduct 
(II)] confirms the mode of addition and agrees with the retention of trisubstituted and 
methylene double bonds in (I) and (II) respectively. 

Reaction of the same sample of helenin with dimethylamine under similar conditions 
gave only one crystalline product, a 1 : 1 adduct which yielded formaldehyde on ozonolysis. 
It is therefore formulated as (V), being derived from isoalantolactone. A second sample 
of helenin gave the same adduct, and no evidence of an isomer. 





Experimental.—Alantolactone— and isoalantolactone-ammonia adducts. Helenin (1-07 g.) 
in 95% ethanol (10 ml.) was saturated with ammonia. Fractional crystallisation of the solid 
(0-7 g.) which separated after 16 hr. at room temperature gave fractions: I (102 mg.), m. p. 
236—240°; II (56 mg.), m. p. 227—233°; III (276 mg.), m. p. 213—215°; and IV (124 mg.), 
m. p. 205—208°. Recrystallisation of fraction I from ethanol (charcoal) gave the isoalanto- 
lactone-ammonia adduct (32 mg.), m. p. 248—249° (decomp.) [Found: C, 74:7; H, 8-6; 
N, 2:9%; M (Rast), 545. Calc. for C,,H,,0,N: C, 74-8; H, 9-0; N, 29%; M, 481]. Ruzicka 
and Pieth * gave m. p. 233—234°. Fraction IV from ethanol gave colourless needles of the 
alantolactone—ammonia adduct, m. p. 205—206° (decomp.) (Found: C, 74:8; H, 8-3; N, 2-9. 
Cy9H,30,N requires C, 74-8; H, 9-0; N, 2-9%). 

isoA lantolactone—dimethylamine adduct. Helenin (0-5 g.) in absolute ethanol (10 ml.) was 
mixed with excess of dimethylamine. After 16 hr. at room temperature, colourless needles 
of the isoalantolactone—dimethylamine adduct separated, having m. p. 150° (block) (from aqueous 
ethanol), ¢ 1218 at 210 my (Found: C, 73-4; H, 9-25; N, 4-9. C,,H,,O,N requires C, 73-6; 
H, 9-8; N, 51%). 

zonolysis of isoalantolactone—dimethylamine adduct. The adduct (0-3 g.) was ozonised in 
chloroform (10 ml.) for 1 hr. at 0°. The ozonide was decomposed by shaking it with acetic 
acid (2 ml.) and zinc powder (0-4 g.) for 1 hr., the mixture was filtered, and water-soluble 
compounds were extracted with water (30 + 20 ml.). The aqueous extracts were partially 
neutralised with 20% sodium hydroxide solution (5 ml.) and treated with excess of dimedone 
in ethanol, giving the formaldehyde-dimedone derivative (115 mg.), m. p. and mixed m. p. 
189—190°. 


THE SCHOOL OF PHARMACY, THE RoyaL COLLEGE OF SCIENCE AND TECHNOLOGY, 
GLasGow. [Received, February 11th, 1959.] 


5 Tsuda, Tanabe, Iwai, and Funakoshi, J. Amer. Chem. Soc., 1957, 79, 5721. 
* Asselineau and Bory, Compt. rend., 1958, 1874. 
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525. Synthesis of 3 :4-Dihydroxy-5-methoxyphenylacetic Acid, 
a Metabolite of Mescaline in Man. 
By JoHN HARLEY-MAson and A. H. Latrp. 


WE have described ! earlier the isolation, from the urine of human volunteers dosed with 
mescaline (I), of small quantities of a metabolite, the glutamine conjugate of 3 : 4-di- 
hydroxy-5-methoxyphenylacetic acid (II). 


CH,-CH,-NH, CH,-CO,H CO-CHN, 
-*™ wl) OMe i OMe 
OMe OH OAc 


(1) (II) (111) 


The synthesis of this acid is now described. An Arndt-—Eistert reaction was performed 
on 3 : 4-diacetoxy-5-methoxybenzoyldiazomethane ? (III) by using silver oxide in ethanol, 
leading to ethyl 3: 4-diacetoxy-5-methoxyphenylacetate. Alkaline hydrolysis of this 
with complete exclusion of oxygen gave the required acid. 


Experimental.—3 : 4-Dihydroxy-5-methoxyphenylacetic acid. A solution of 3: 4-diacetoxy- 
5-methoxybenzoyldiazomethane (3 g.) in ethanol (50 c.c.) was heated at 60° and silver oxide 
(10 mg.) was added. The mixture was kept at 60° for 5 hr. with occasional stirring, while 
nitrogen was slowly evolved. After filtration, the solvent was removed and the residual oil 
was distilled at 165° (bath)/10° mm., giving ethyl 3: 4-diacetoxy-5-methoxyphenylacetate as a 
very viscous oil (Found: C, 57-9; H, 5-6. C,;H,,0, requires C, 58-1; H, 5-8%). This ester 
(1 g.) was treated with previously boiled out aqueous sodium hydroxide (5%; 60 c.c.) ina 
sealed vessel under nitrogen. After 24 hr. at room temperature (occasional shaking), the 
mixture was acidified and extracted with ethyl acetate (4 x 50 c.c.). After removal of the 
solvent, the residue was distilled at 135°/10°* mm., giving a colourless gum which crystallised 
after 3 months. Recrystallisation from ethyl acetate-light petroleum gave 3: 4-dihydroxy-5- 
methoxyphenylacetic acid as needles, m. p. 132—134° (Found: C, 54-4; H, 5-3. C,H, 0; 
requires C, 54-5; H, 5-0%). 


One of us (A. H. L.) thanks the Department of Scientific and Industrial Research for a 
Maintenance ‘Grant. 
UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, February 24th, 1959.] 


1 Harley-Mason, Laird, and Smythies, Confinia Neurologica, 1958, 18, 152. 
2 Bradley, Robinson, and Schwartzenbach, J., 1930, 814. 





526. Monocalcium Aluminate Hydrate in the System 
CaO-Al,0,-H,0 at 21°. 
By A. Percivat and H. F. W. Tay Lor. 


PREVIOUS studies on the system CaO-Al,O,—-H,O0 at or near 21°, (see, ¢.g., refs. 1 and 2) 
have established stable or metastable solubility curves for the hydrated calcium aluminates 
3CaO,Al,03,6H,O, 2CaO,Al1,0,,8H,O, and 4CaO,Al,0,,19H,O, but not for CaO,Al,03,10H,O. 
Recent work at 1°% and 5°* shows that a metastable curve can be obtained for 
CaO,Al,0,,10H,O at these temperatures; from experiments in which it was treated with 
1 Wells, Clarke, and McMurdie, J. Res. Nat. Bur. Stand., 1943, 30, 367. 
2 D’Ans and Eick, Zement-Kalk-Gips, 1953, 6, 197. 


* Carlson, J. Res. Nat. Bur. Stand., 1958, 61, 1. 
* Buttler and Taylor, J., 1958, 2103. 
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water or lime solutions, one has now been obtained for it at 21°. It was not found possible 
to define the curve from experiments starting with supersaturated solutions, or to obtain 
any curve at 50°. 


Experimental.—Procedures were similar to those used at 5°, weighed amounts (0-3—1:3 g.) 
of CaO,Al,0,,10H,O being treated with water or lime solutions (ca. 400 ml.) whose initial con- 
centrations varied from zero to saturation. The suspensions were contained in screw-stoppered 
Polythene bottles with PVC gaskets, and shaken at 21° + 0-1° for times usually between 
2 days and 4 months. A range of times was studied for each set of initial conditions. After 
the suspensions had been filtered, the solutions were analyzed for CaO and Al,O,;. The solids 


Solubility relations of CaO,Al,03,10H,O a# 21°. 
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Concentration of Ca0 in solution(g/t ) 


Key to experimental points: 


— Gn) } Final solid phases (traces excluded) 
CaO,Al,0;,10H,O + hydrous alumina 
0-13—0-40 CaO,Al,0;,10H,O 
0-53—0-64 CaO,Al,03,10H,O with 2CaO,Al,0,,8H,O 
’ and/or 4CaO,Al,O0;,19H,O 
4CaO,Al,03,19H,O, sometimes 
+ 2CaO,Al,0,,8H,O 


Arrows join initial and final solution compositions. 
Thick lines denote stable or metastable solubility curves: 


ABCD: 2CaO,Al,0,,8H,O and 4CaO,Al1,0,,19H,O.* 
CE: CaO,Al,O;,10H,O (this work). 

FG: 3Ca0O,Al,0;,6H,O.* 

H: Molar ratio CaO: Al,O, = 1. 


@ © 0®e 


1-24 


were equilibrated over saturated calcium chloride and then examined by X-ray powder 
diffraction. Some were also examined optically for traces of 3CaO,Al,0,,6H,O. Rigorous 
precautions were taken to minimize contamination by carbon dioxide. Similar experiments 
were also made at 50°; precipitation at 21° from supersaturated calcium aluminate solutions 
was also studied by methods similar to those employed at 5°.4 

Results—The Figure gives the main results at 21°. On treatment with water, 
CaO,Al,0,,10H,O is partly decomposed giving hydrous alumina (badly crystallized bayerite or 
gibbsite). The concentrations of lime and alumina in solution rise rather slowly, and become 
constant near point E in 30—40 days. With lime solutions containing initially 0-1—0-4 g. of 
CaO/1., dissolution is approximately congruent, and within a few days the solution compositions 
reach values on the curve CE that are steady for one or more weeks. With longer times the 
solution compositions move to the left along this curve. Ca0O,Al,0,,10H,O persists as the sole, 
or by far the major phase, for at least 4 months, the longest time studied. With lime solutions 
containing initially 0-5—0-6 g. of CaO/l., dissolution is again incongruent. Partial decom- 
position occurs, giving 2CaO,Al,0,,8H,O, or 4CaO,Al,0,,19H,O, or both; the solution com- 
position becomes almost steady within a few days near C. With more concentrated 
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lime solutions, CaO,Al,0;,10H,O is usually completely decomposed within a few days. 
4CaO,Al,0,,19H,O, and sometimes also 2CaO,Al,0;,8H,O, are formed, and the solution com- 
positions lie on or near curve ABC. In none of the above experiments was 3CaO,A1,0;,6H,O 
found in the products, either optically or by X-rays. Traces of 3CaO,Al,0,,CaCO;,12H,O were 
sometimes found, but only when the initial CaO concentration exceeded 0-2 g./l. 

Supersaturated calcium aluminate solutions with CaO: Al,O, molar ratios of 1-01—1-05, 
and initial CaO concentrations of 0-45—0-88 g./l., were also left to precipitate at 21°. 
2CaO,Al,0;,8H,O was always formed. The more concentrated solutions gave CaO,Al,0;,10H,O 
as well, but only as a transitory product which soon decomposed giving more 2CaO,A1,0;,8H,O. 
The solution compositions (not shown in the Figure) in general lay on or to the left of curve CD. 
When CaO, Al,0,,10H,O was treated at 50° with water or lime solutions containing up to 0-35 g. 
of CaO/l., the Al,O, concentrations rose within a few days to unreproducible values around 
0-3—0-4 g./l., later falling. The CaO concentrations quickly attained relatively steady values 
around 0-2—0-45 g./l. The CaO,Al,O,,10H,O began to decompose within a few days, and after 
about a week hydrous alumina or 3CaO,A1,0,,6H,O was usually the main solid phase. 


Discussion.—The present results show that a metastable solubility curve (CE) can be 
obtained for CaO,Al,0,,10H,O at 21°, but not at 50°. It is bounded at one end by the 
indefinite triple point E for CaO,Al,0,,10H,O, solution, and a form of hydrous alumina. 
At the other end, C is the triple point for CaO,Al,03,10H,C, 2CaO,Al,03,8H,0, and solution. 
ABCD is the metastable solubility curve for 2CaO,Al,0,,8H,O and 4CaO,Al,0,,19H,O.* 
The position of the triple point for these two phases and solution is hard to establish, but 
recent work ® places it near B; for this reason, point C was stated above to involve 
2CaO,Al,0,,8H,O and not 4CaO,A],03,19H,O. The present results provide incidental 
confirmation of part of the curve for 4CaO,Al,0,,19H,O. Earlier workers did not obtain a 
metastable curve for CaO,Al,0,,10H,O at or near 21° because they made no suitable 
experiments starting from this compound. Most of the earlier work was done by starting 
from supersaturated solutions, and the present results show that a curve for 
CaO,Al,03,10H,O cannot be thus obtained at 21°. 

The slow, leftward movement of solution compositions along CE can be at- 
tributed to gradual formation of the more basic compounds 4CaO,Al,03,19H,O and 
3CaO,Al,03,CaCO,,12H,O. Slight decomposition of CaO,Al,0,,10H,O, whether or not 
caused by contamination by carbon dioxide, thus seems not to affect the definition of its 
metastable solubility curve. 

CaO,Al,0;,10H,O is not a stable phase in the system CaO-Al,0,-H,O at any temper- 
ature, but at 1° or 5° it is very persistent, and a metastable solubility curve can be obtained 
from either under- or super-saturation. At 21° it is less persistent, and the curve can only 
be reached from undersaturation. When CaO,Al,0;,10H,O is formed from highly super- 
saturated solutions, the crystals seem to be very small or imperfect at first, and in 
suspensions at 21° they disappear to give other phases before they have reached a less 
reactive condition. At 50°, even crystals which have been previously grown and isolated 
are unstable in aqueous suspension, and it seems impossible to determine a metastable 
solubility curve by either method. 

At 5°, the triple point for CaO,Al,0,,10H,O, hydrous alumina, and solution lies to the 
left of the solubility curve for 3CaO,Al,0,,6H,O and there is no appreciable tendency for 
CaO,Al,0,,10H,O to react with water or dilute lime solutions to give 3CaO,Al,0;,6H,O.* 
At 21°, the triple point lies slightly to the right of that curve (Figure), and CaO,Al,0,,10H,O 
must therefore tend to react with water or dilute lime solutions to give 3CaO,Al,0,,6H,O. 
In practice, this change seems to be slow, and was not observed under our conditions. 


We thank the Lafarge Aluminous Cement Company Ltd. (London) for generous financial 
support. 


DEPARTMENT OF CHEMISTRY, UNIVERSITY OF ABERDEEN. [Received, March 3rd, 1959.] 


5 Roberts (Building Research Station, Watford), personal communication. 
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527. Ionic Halogen Derivatives of Cellotriose and Cellotetraose. 
By W. M. Corpetr and J. Kipp. 


THE approach to the problem of the crystal structure of cellulose II by a study of the 
crystal structure of the cellodextrins has led to the preparation of cellobiose compounds in 
which a heavy atom is present to facilitate the analysis of X-ray diffraction patterns.1 
We now record the preparation of N-8-cellotriosyltrimethylammonium bromide and N-f- 
cellotetraosyltrimethylammonium iodide. The prerequisite that the presence of the group 
containing the heavy atom should not greatly alter the crystal structure has been met in 
the case of the cellotetraose derivative, the principal reflections of its X-ray powder photo- 
graph being very similar to those of cellotetraose itself. The crystal structures of these 
derivatives will be determined by Dr. W. Ferrier and colleagues at Queen’s College, Dundee, 
and will be reported elsewhere. 

The water-solubilising power of the quaternary ammonium halide group noted for the 
fully acetylated cellobiose derivatives! is still present in the polyacetates of these higher 
dextrins: N-(tredeca-O-acetyl-8-cellotetraosyl)trimethylammonium bromide readily dis- 
solves in water to a soapy solution. The presence of one mol. of water in the crystalline 
deacetylated compounds appears to be fairly common, and is evidently not detrimental in 
the cellotetraose compound in that it does not alter the crystal structure. 


Experimental.—A cetobromocellotriose. Cellotriose (3-28 g.) was added in small portions to 
a mixture of acetic anhydride (12 ml.) and perchloric acid (0-1 ml.) at 30—40°. The mixture 
was poured on ice and extracted with chloroform. The combined extracts were washed with 
water and sodium hydrogen carbonate solution, dried (CaCl,), and evaporated to a syrup which 
crystallised from chloroform-ether. The undeca-O-acetyl-«-cellotriose (5-26 g.) had m. p. 
221—222°. Dickey and Wolfrom? give m. p. 223—224°. Bromine (4-04 ml.), followed by 
water (1-98 ml.), was added dropwise to a stirred mixture of glacial acetic acid (30 ml.) and red 
phosphorus (3-2 g.) at <20°. To this was added a solution of cellotriose acetate (4-78 g.) in 
chloroform (5 ml.) and the mixture was kept at room temperature for 4} hr. It was then 
poured on ice, and the aqueous layer extracted with chloroform. The combined organic layers 
were washed twice with ice-water, once with sodium hydrogen carbonate solution, then dried 
(CaCl,). Evaporation in vacuo afforded a syrup which crystallised from chloroform-ether to 
give needles of acetobromocellotriose (3-50 g., 54% based on cellotriose), m. p. 183° (decomp.), 
[aj,** +58-0° (c 11-4 in chloroform) (Found: C, 46-5; H, 5-5. C,,H,,0,;Br requires C, 46-3; 
H, 5-2%). 

N-8-Cellotriosyltrimethylammonium bromide. Anhydrous trimethylamine (ca. 10 ml.) was 
added to a solution of acetobromocellotriose (3-46 g.) in chloroform (20 ml.). After being kept 
at 30° for 3 hr., it was extracted with water (5 ml.). The chloroform layer was separated, 
combined with five successive chloroform extractions of the aqueous layer, and evaporated 
in vacuo to a syrup which crystallised from ether-ethyl acetate to give N-(deca-O-acetyl-B- 
cellotriosyl)tvimethylammonium bromide (1-86 g., 51%), m. p. 180° (decomp.), [aJ,2° —16-1° 
(c 6-0 in chloroform) (Found: C, 46-8; H, 5-8. C,,;H,,O,;NBr requires C, 47-0; H, 58%). A 
solution of the acetate (1-12 g.) in dry methanol (6 ml.) was deacetylated by the addition of 
methanolic ~0-5m-sodium methoxide (0-3 ml.). The solution was kept for 2 hr. at room temper- 
ature, then neutralised with solid carbon dioxide and diluted with a little acetone, to yield small 
colourless crystals of N-f-cellotriosylirimethylammonium bromide (0-43 g., 64%), m. p. 205° 
(decomp.) (effervesce at 150°), [aJ,!® +3-7° (c 5-6 in water) (Found: C, 39-1; H, 6-6. 
C,,HyO,,NBr,H,O requires C, 39-1; H, 6-6%). 

Acetobromocellotetraose. Cellotetraose (4-16 g.) was added gradually with stirring to a mix- 
ture of acetic anhydride (15 ml.) and perchloric acid (0-14 ml.) at 30—40°. The usual process 
of isolation yielded a syrup which crystallised from chloroform-ether to give needles of tetra- 
deca-O-acetyl-«-cellotetraose, m. p. 238—239°. Dickey and Wolfrom ? give m. p. 230—234°. 
A solution of the acetate (5-0 g.) in chloroform (7 ml.) was added to a hydrogen bromide solution 

1 Corbett and Kidd, J., 1959, 1594. 

2 Dickey and Wolfrom, J. Amer. Chem. Soc., 1949, 71, 825. 
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(50 ml.) prepared as before, and kept for 4 hr. at room temperature. The acetobromocello- 
tetraose (3-85 g., 76%) isolated in the usual way contained one mol. of chloroform of crystallis- 
ation and had m. p. 182—183° (decomp.), [a],,?® 36-8” (c 7-3 in chloroform) (Found: C, 42-9; H, 
4-9; Br, 5-4. C5 9H,,O,,Br,CHCl, requires C, 43-1; H, 4-8; Br, 5-7%). 

N-8-Cellotetraosylirimethylammonium iodide. Addition of anhydrous trimethylamine (ca. 
15 ml.) to a solution of acetobromocellotetraose (3-48 g.) in chloroform (16 ml.) caused a white 
solid to be deposited which, overnight, reverted to a sticky yellow material. Further product 
separated on addition of ether. The combined product was dissolved in chloroform and washed 
with a little water, the water layer being extracted three times with chloroform. The organic 
layers were combined, dried (Na,SO,), and evaporated im vacuo. The residual syrup in ethyl 
acetate gave N-(tvedeca-O-acetyl-B-cellotetraosyl)trimethylammonium bromide (1:26 g., 35%), 
m. p. 189° (decomp.), {a],,24 —16-8° (c 4-4 in chloroform) (Found: C, 47-4; H, 6-1; Br, 6-0. 
C;3H,,03,NBr requires C, 47-7; H, 5-7; Br, 6-0%). Toa solution of the ammonium bromide 
derivative (1-04 g.) in acetone (4 ml.) was added with stirring a solution of sodium iodide 
(0-13 g.) in acetone (1-0 ml.). The solution was kept for 10 min. at room temperature, filtered 
from the sodium bromide produced, and evaporated in vacuo toasyrup. This was dissolved in 
chloroform and filtered from sodium iodide, and the filtrate was evaporated to a syrup which 
from ethyl acetate solution gave N-(tvedeca-O-acetyl-B-cellotetraosyl)trimethylammonium iodide 
(0-61 g., 57%), m. p. 200° (decomp.), [«],,2° —18-3° (c 4-9 in chloroform) (Found: C, 45-5; H, 
5-5. C;3H,,O,,NI requires C, 46-1; H, 5-5%). The acetate was deacetylated to N-f-cello- 
tetvaosyltrimethylammonium iodide (0-09 g., 88%), m. p. 212° (decomp.), [«],,?° 0-0° (c 1-7 in 
water) (Found: C, 38-2; H, 6-3; I, 14:2. C,,H;9O..NI,H,O requires C, 38-0; H, 6-1; I, 
14-9%). 


The authors acknowledge the valuable advice of Drs. W. Ferrier and J. Mann, and thank 
Dr. K. J. Heritage for samples of cellotriose and cellotetraose, Dr. J. Mann for the X-ray powder 
photograph, and Mr. A. T. Masters for the microanalyses. This work forms part of the funda- 
mental research programme of the British Rayon Research Association. 


BRITISH RAYON RESEARCH ASSOCIATION, HEALD GREEN LABORATORIES, 
WYTHENSHAWE, MANCHESTER, 22. [Received, March 13th, 1959.] 
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